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Transforming growth factor B activation by the avB6 integrin is cen-
tral to the pathogenesis of idiopathic pulmonary fibrosis. Expression
of the avB6 integrin is increased in fibrotic lung tissue and is a prom-
ising therapeutic target for treatment of the disease. Currently,
measurement of av6 integrin levels in the lung requires immuno-
histochemical analysis of biopsy samples. This procedure is clini-
cally impractical for many patients with pulmonary fibrosis, and
a noninvasive strategy for measuring avp6 integrin levels in the
lungs is urgently required to facilitate monitoring of disease pro-
gression and therapeutic responses. Methods: Using a murine
model of bleomycin-induced lung injury, we assessed the binding
of intravenously administered 1'"In-labeled avB6-specific (diethylene-
triamine pentaacetate-tetra [DTPA]-A20FMDV2) or control (DTPA-
A20FMDVran) peptide by nanoSPECT/CT imaging. Development
of fibrosis was assessed by lung hydroxyproline content, and
avB6 protein and jitgh6 messenger RNA were measured in the
lungs. Results: Maximal binding of '''In-labeled A20FMDV2 pep-
tide to avp6 integrins was detected in the lungs 1 h after intravenous
administration. No significant binding was detected in mice injected
with control peptide. Integrin binding was increased in the lungs
of bleomycin-, compared with saline-, exposed mice and was at-
tenuated by pretreatment with avpB6-blocking antibodies. Levels of
1M|n-labeled A20FMDV?2 peptide correlated positively with hydroxy-
proline, avB6 protein, and itgb6 messenger RNA levels. Conclusion:
We have developed a highly sensitive, quantifiable, and noninvasive
technique for measuring avB6 integrin levels within the lung. Mea-
surement of avB6 integrins by SPECT/CT scanning has the potential
for use in stratifying therapy for patients with pulmonary fibrosis.
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive,
fibrotic lung disease associated with serious morbidity, premature
death, and a median survival of less than 3 y (/). The incidence
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has risen steadily for the last few decades (/,2), and the 5-y survival
rate is worse than most cancers (3). Although novel drug-based
therapies such as N-acetyl cysteine (4) and Pirfenidone (Intermune)
(5) have shown encouraging responses in clinical trials, to date, no
therapy has successfully modified the disease course.

The management of IPF is complicated by the heterogeneous na-
ture of the condition, with considerable variability in the clinical course,
and the absence of good biomarkers of disease progression or ther-
apeutic response (6). Even using the latest diagnostic imaging such as
high-resolution CT and pathologic characterization according to Amer-
ican Thoracic Society/European Respiratory Society criteria (7), it is
difficult to distinguish chronic stable, progressive, or life-threatening
acutely deteriorating fibrosis before it becomes self-evident.

With burgeoning data on the pathogenesis of IPF (8), heteroge-
neity of clinical course (9), expense of novel therapies, and poten-
tial adverse effects of ineffective therapies (/0), the development
of a stratified approach to the management of IPF is urgently re-
quired. Such an approach requires companion diagnostic tests to
select patients for therapeutic intervention, excluding those un-
likely to respond. There are currently no reliable measures to
stratify patients with IPF. Although longitudinal declines in lung
function (/1-14), extensive fibrosis, and honeycombing on high-
resolution CT imaging are associated with worsening mortality, they
give little information on pathogenesis or likely response to therapy.
Molecular and histopathologic stratification is well established in
cancer studies (/5-17), but attempts to stratify IPF on the basis of
histopathologic or molecular phenotyping have been unconvincing
(18,19). Furthermore, the high mortality rate associated with video-
assisted thoracoscopic surgical biopsy and the lack of longitudinal
sample collection makes histopathologic phenotyping in IPF prob-
lematic. Serum and bronchoalveolar lavage biomarkers with the po-
tential to stratify IPF patients have been identified, including KL-6,
surfactant protein A and D, CCL18, and MMP7 (20); however, none
has been validated longitudinally or in response to therapy.

The use of nuclear imaging in IPF is an emerging strategy for
disease stratification. Initial studies have used PET tracers including
I8F_FDG and %®Ga-labeled somatostatin analogs that bind the somato-
statin receptor (21,22). Pulmonary uptake of both these radiotracers is
increased in IPF patients, and lung '8F-FDG levels have been related
to disease severity (23). Although there are some preclinical data
demonstrating a role for somatostatin receptors in IPF (24), neither
of these tracers targets well-validated pathways implicated in IPF.

The avB6 integrin has been implicated in multiple models of
lung fibrosis (25-27), as well as being upregulated in patients with
IPF (27,28), and there is some evidence to suggest that levels may
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vary between patients with differing interstitial lung diseases (28).
Targeting this molecule has considerable therapeutic potential (25,
28), and a clinical trial is currently in progress (NCT01371305;
ClinicalTrials.gov). To date, measurement of av6 levels in fi-
brotic lung tissue has been restricted to the detection of the integ-
rin by immunohistochemistry (27,28). Therefore, we developed
a strategy for detecting the av36 integrin in vivo using an imaging
technique with a peptide derived from the VP1 coat protein of the
foot-and-mouth disease virus. The A20FMDV?2 peptide shows highly
selective avp6 ligand binding activity and is 1,000-fold more
selective for avB6 than for other arginine-glycine-aspartate
(RGD)-binding integrins (ayB3, avBS, and aSB1) (29). avp6-
expressing human pancreatic (30) and breast (3/) cancer cells have
been imaged by PET or SPECT scanning in murine models using
radiolabeled A20FMDV2; however, there are no reports measuring
endogenous avB6 levels in vivo. This !!In-labeled avB6 integrin—
specific peptide can monitor and predict the development of lung
fibrosis in a bleomycin model of disease using SPECT. These are
the first studies, to our knowledge, to noninvasively measure a well-
validated molecular target in IPF, and our data describe a strategy that
has the potential both to facilitate stratification of treatment and to
identify a potential prognostic biomarker in IPE.

MATERIALS AND METHODS

Peptide Synthesis, Radiolabeling, and
Radiochemical Analysis

DTPA-A20FMDV2 (avp6-specific) and DTPA-A20FMDVran (ran-
dom control) peptides were synthesized with biotinyl lysine at position
2 by the Cancer Research U.K. Peptide Synthesis Laboratory using
standard fluoroenylmethyloxycarbonyl (FMOC) solid-phase peptide
synthesis (SPPS) protocols and conjugated with the chelating agent
diethylenetriamine pentaacetate-tetra (DTPA) at the N terminus. De-
tailed methods for the synthesis and radiolabeling of both peptides are
described in the supplemental data (supplemental materials are avail-
able at http://jnm.snmjournals.org).

Both test and control peptides were purified by high-performance
liquid chromatography to give greater than 95% purity and lyophilized
(Supplemental Fig. 1). Peptide stock solutions were prepared in metal-
free water, and standard concentrations were confirmed spectropho-
metrically using absorption at 215 nm. The radiolabeling of both peptides
was performed as previously described by Saha et al. (25).

After radiolabeling, the average activity in each 5-pg aliquot of
Hp-DTPA-A20FMDV?2 or '''In-DTPA-A20FMDVran across all stud-
ies was 28.70 MBq (range, 16.53-34.6 MBq) and 26.26 MBq (range,
17.2-32.1 MBq), respectively. Specific activity ranged from 9.33 to
19.54 MBq per nanomole.

In Vivo Studies

Male 6-wk-old C57BL/6 mice received 601U bleomycin or saline
via oropharyngeal dosing, as previously described (32), before nano-
SPECT/CT imaging and image analysis. For integrin-blocking experi-
ments in mice exposed to bleomycin or saline 4 wk previously, animals
received either anti-av36 (10D5; Millipore) or IgG2a isotype control
antibody at a dose of 2.5 mg/kg, 24 h before nanoSPECT/CT imaging.
All mice were housed under specific pathogen-free conditions, and
animal studies were ethically reviewed and performed at the Univer-
sity of Nottingham in accordance with the Animals (Scientific Proce-
dures) Act 1986, institutional animal care and use regulations, and
GSK Policies on the Care, Welfare and Treatment of Animals.

NanoSPECT/CT Imaging Studies
Whole-body helical CT and SPECT scans were obtained with a
nanoSPECT/CT imaging system (Bioscan Inc.) fitted with 4 tungsten
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collimators and nine 1.4-mm-diameter pinholes. SPECT images were
obtained with a time per view of 60 s, resulting in a scan time of 30—
45 min. CT images were obtained using a tube voltage of 45 kVp and
an exposure time of 500 ms per view. Mice were injected intrave-
nously via the tail vein with 5 pg of '''In-DTPA-A20FMDV2 or
control '"'In-DTPA-A20FMDVran peptide in a 50-uL volume before
nanoSPECT/CT imaging. Mice were anesthetized by 3% isoflurane
inhalation and maintained at 1%-1.5% for the duration of scanning.
The mice were placed in a tail-first prone position, in a Minerve
(Siemens) air-warmed chamber, and breathing rates were monitored.
After data collection, CT and SPECT images were coregistered, and
image analysis performed using InVivoScope molecular imaging soft-
ware (Bioscan Inc.). For analysis of peptide binding specifically, a re-
gion of interest (ROI) was manually created from the CT scans to create
a 3-dimensional volumetric dataset. This 3-dimensional ROI was sub-
sequently overlaid with a semiautomatic ROI in which global thresh-
olding was applied to identify only voxels within the density range
(—1,000 to +100) that includes normal and diseased mouse lung tissue
(33). The activity in megabecquerels was then recorded in voxels found
within the lung ROI for each mouse. Data are expressed as percentage of
the initial activity of !'!In-labeled peptide administered by intravenous
injection. During image processing, the scales for cross-sectional images
and reconstructed 3-dimensional movies were identical for all CT (76%—
8%) and SPECT (86%—12%) images presented. To determine the optimal
time for in vivo imaging of the av36 integrin, binding of the targeted and
control peptides was assessed by whole-body nanoSPECT/CT imaging
either 1 or 3 h after peptide injection. The highest signal intensity was
observed in the lungs 1 h after injection (Supplemental Fig. 2); there-
fore, this time point was used in experimental protocols.

Hydroxyproline Assay

The hydroxyproline content of the mouse lung was measured using
standard methodology previously described by Woessner et al., with
some modifications (25). Briefly, after perfusion with phosphate-buff-
ered saline, lungs were ground to fine powder under liquid nitrogen.
Samples were mixed with tricarboxylic acid (50%; Sigma Chemical
Co.), incubated on ice, and baked overnight in 12N hydrochloric acid.
Samples were then reconstituted with distilled water and added to
1.4% chloramine T (Sigma Chemical Co.) in 10% isopropanol and
0.5 M sodium acetate for 20 min. Erlich solution (Sigma Chemical
Co.) was added and incubated at 65°C for 15 min before absorbance
was measured at 550 nm

Immunohistochemical Staining and Evaluation

After SPECT/CT scanning, lungs were formalin-fixed and paraffin-
embedded before staining with 6.2G2 (anti-av36; a kind gift from
Biogen Idec) using a mouse-on-mouse kit (M.O.M. Kit; Vector Labs
Inc.) after pepsin antigen retrieval as previously described (37). Im-
munohistochemical scoring was performed to assess the percentage
of epithelial cells expressing avB6 across the tissue sections. Images
were captured using a Nikon Eclipse 90i microscope and NIS Ele-
ments AR3.2 software (Nikon). For each set of lungs, 5 random fields
were captured at X10 magnification and overlaid with a grid contain-
ing 192 squares of 50 wm?2. The number of squares containing av6-
positive epithelial cells was recorded and after exclusion of any boxes
that contained no cells, the percentage of the lung tissue containing
av6-positive epithelial cells was determined—that is, positive stained
squares/(total squares — empty squares) X 100.

RNA Isolation and Analysis of Gene Expression

RNA isolation and real-time polymerase chain reaction (RT-PCR)
amplification was performed as previously described (34) using the
MX3000P RT-PCR system (Agilent Technologies) to assess expression
of the murine or human (6 integrin (izgh6/ITGB6) and murine hypo-
xanthine-guanine phosphoribosyltransferase (hprt) or ,microglobulin
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(B,m), as housekeeping genes. Primer sequences are shown in Supple-
mental Table 1.

Patient Population

Human tissue was obtained after informed consent and institutional
ethical review (ethical approval no.: Nottingham Respiratory Research
Unit 08/H0407/1).

Statistical Analysis

All data are expressed as mean * SE of n observations. A Student ¢
test was used for comparisons between 2 groups and 1-way ANOVA
with Bonferroni post hoc multiple-comparisons test for greater than 2
groups. All analyses, including linear regression analysis, were con-
ducted using GraphPad Prism (version 5.04; GraphPad Software).

RESULTS

Binding of av6-Specific Radiolabeled Peptide in
Fibrotic Lungs

The level of !''"'In-DTPA-A20FMDV2 and !''In-DTPA-
A20FMDVran uptake in the lungs of mice 28 d after instillation
with bleomycin or saline was compared by whole-body nanoSPECT/
CT imaging 1 h after intravenous administration of the radiola-
beled peptide. Both saline- (Fig. 1A; Supplemental Video 1) and
bleomycin- (Fig. 1B; Supplemental Video 2) instilled mice ex-
posed to the avB6-binding ''In-DTPA-A20FMDV?2 peptide had
detectable levels of uptake in the lungs 1 h after administration. In
contrast, mice exposed to the '''In-DTPA-A20FMDVran control
peptide after saline (Supplemental Video 3; Supplemental Fig. 3A)
or bleomycin (Supplemental Video 4; Supplemental Fig. 3B) treatment
had low levels of uptake. Mice instilled with bleomycin showed the
highest level of retention of the radiolabeled peptide (Fig. 1B), which
predominantly overlay areas of lung damage detected on the CT
images (Fig. 1D). Peptide binding was also detected in the lungs of
saline-treated mice (Fig. 1A), although this showed lower levels of
uptake and was not associated with areas of lung damage (Fig. 1C).

" In-DPTA-
A20FMDV2

CT scan

Saline Bleomycin

FIGURE 1. Binding of '""In-DTPA-A20FMDV2 peptide in lungs of fi-
brotic mice was detected at low level in lungs of saline-treated mice (A)
with no evidence of parenchymal damage on the corresponding CT
scans (C). Level of ''1In- DTPA-A20FMDV2 binding was greatly in-
creased in bleomycin-treated animals (B), which showed clear evidence
of parenchymal damage in axial CT scans (D).
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Quantification of peptide retention in the lungs, expressed as percent-
age of the initial activity of !!!In-labeled peptide administered, dem-
onstrated that bleomycin-treated mice had significantly increased
levels of '''In, compared with saline-treated control mice (Fig. 2).
Although a low level of '''In was detected in mice receiving the
Hn-DTPA-A20FMDVran control peptide, there was no signifi-
cant difference in the amount of radioactivity seen in bleomycin-
or saline-treated mice, and it was significantly lower than that
detected in the lungs of saline-instilled '!'In-DTPA-A20FMDV?2
peptide—exposed mice.

Attenuation of av36 Integrin Signal by avp6 Integrin-
Blocking Antibody

To confirm that '''In-DTPA-A20FMDV?2 binding in the lung
was a specific interaction between peptide and the av36 integrin,
and that a change in signal intensity could be detectable in re-
sponse to a therapy, mice were treated with an av36-blocking anti-
body 24 h before injection with the radiolabeled peptide. Scans of
the upper torso in bleomycin-treated mice receiving IgG2a isotype
control antibody clearly showed binding of 'In-DTPA-A20FMDV2
in the lungs and submandibular glands (Supplemental Fig. 4A;
Supplemental Video 5). In contrast, pretreatment with an av36-
blocking antibody led to a reduction in the level of radioactivity
detected in all areas of the scan (Supplemental Fig. 4B; Supple-
mental Video 6). The signal attenuation was particularly apparent
in cross-sectional scans of the lungs from bleomycin-instilled mice
pretreated with anti-av6-blocking antibodies (Fig. 3A), com-
pared with the IgG2a isotype control antibody (Fig. 3B). The ra-
dioactive signal in saline-instilled, '''In-DTPA-A20FMDV2-ex-
posed, animals was similarly reduced in response to the av(36-
blocking antibody (Fig. 3C) when compared with IgG2a-treated
mice (Fig. 3D). Quantification of the level of radiolabeled peptide
in the lungs confirmed that bleomycin-induced lung fibrosis leads
to enhanced binding, compared with saline-instilled mice, and this
binding can be significantly inhibited in the presence of an av36-
blocking antibody in both saline- and bleomycin-treated lungs
(Fig. 4).
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FIGURE 2. Levels of binding in lungs, expressed as percentage of initial
activity of ""In-labeled peptide, were compared in bleomycin- (n = 18)
and saline- (n = 8) treated mice. Binding of ''1In-DTPA-A20FMDVran pep-
tide in lungs of saline- (n = 6) or bleomycin- (n = 8) treated mice was also
assessed. Data are presented as mean = SEM. ***P < 0.0001. **P < 0.01.
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FIGURE 3. Axial SPECT/CT scans of thorax detected binding of 1'In-
DTPA-A20FMDV?2 in lungs of bleomycin-treated animals receiving avB6-
blocking antibody (A) or IgG2a isotype control (B) (2.5 mg/kg) 24 h
before imaging. Effect of avp6-blocking (C) and IgG2a isotype control
(D) antibodies on binding of "'In-DTPA-A20FMDV2 was also assessed
in saline-treated mice.

Repeated Measurement of ''In-Labeled Peptide Binding to
avp6 by SPECT/CT

NanoSPECT/CT imaging is a noninvasive technique that has
the capacity to monitor changes in integrin expression over time
by use of repeated imaging. To determine whether this would be
feasible in our experimental system, saline- or bleomycin-instilled
mice received an initial injection of the ''In-DTPA-A20FMDV2
after 14 d and uptake of the radiolabeled peptide was measured.
Fourteen days later, binding of the '''In-DTPA-A20FMDV2 was
again measured after repeated administration of the peptide. At
both time points, there was significantly higher binding of the
Tn-labeled peptide in the lungs of mice instilled with bleomycin
than in saline-treated mice. When the level of peptide uptake was
compared at 2 and 4 wk in the saline- and bleomycin-treated
animals, there was no significant difference in the mean level of
uptake of ''In-labeled peptide detected at either time point. In
bleomycin-treated animals, the mean percentage of initial '''In
activity in the lungs was 1.01 = 0.09 at 2 wk, compared with
1.08 = 0.1 at 4 wk. Similarly, saline-treated animals had a mean
percentage of initial ''In activity of 0.39 * 0.02 at 2 wk, com-
pared with 0.46 = 0.03 at 4 wk. When data from repeated scans
were compared in individual mice, it was found that there was
variability in the level of '''In-DTPA-A20FMDV?2 peptide bind-
ing in the fibrotic lungs, with half the animals showing increased
and half reduced levels of binding at the later time point (Fig. 5;
Supplemental Figs. S5A and 5B). Levels in the saline-treated mice
were similar at 2 and 4 wk (Fig. 5; Supplemental Figs. 5C and 5D).

Correlation of SPECT/CT Measures of Lung avp6 Integrins
with av36 Protein, itgh6 Messenger RNA, and
fibrotic endpoints

For SPECT/CT imaging to be a useful tool for stratifying IPF
therapy, the binding of the radiolabeled peptide must correlate
with appropriate biologic endpoints. Immunohistochemical analysis
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of av6 protein levels in lungs collected immediately on comple-
tion of SPECT/CT scanning showed a significant positive correla-
tion between the percentage of av36-positive epithelial cells and
the level of !''In-DTPA-A20FMDV?2 peptide binding in the lungs
(Fig. 6A). The lungs of bleomycin-treated animals contained not
only a greater percentage of av36-positive cells than the saline-
treated animals, but the intensity of the avp6 staining was also
higher in the fibrotic lungs (Supplemental Fig. 6). Mice instilled
with bleomycin have an increase in lung fibrosis, as measured by
lung hydroxyproline levels at 28 d, compared with saline-instilled
controls (Supplemental Fig. 7A). Similarly, mice instilled with
bleomycin have a trend toward increased itgh6 messenger RNA
levels, as measured by quantitative RT-PCR, compared with control
(Supplemental Fig. 7B). However, this is less than the increased
levels of ITGB6 messenger RNA observed in samples from
patients with IPF when compared with normal lung tissue samples
(Supplemental Fig. 7C). When the binding of !''In-DTPA-
A20FMDV?2 and hydroxyproline were measured in mice 28 d after
saline or bleomycin treatment, there was a significant positive
correlation between hydroxyproline levels and peptide binding
(Fig. 6B). Likewise, when binding of the radiolabeled av36-bind-
ing peptide and itgh6 messenger RNA levels in lung homogenates
were compared in similarly treated mice after 4 wk, again there
was a significant positive correlation (Supplemental Fig. 7D). We
also examined binding of '''In-DTPA-A20FMDV2 2 wk after
saline or bleomycin treatment, and then after 2 additional weeks,
we measured hydroxyproline and izrgh6 levels in lung homogenates.
There was a weak positive, but nonsignificant, correlation between
binding of '''In-DTPA-A20FMDV2 at 14 d after bleomycin in-
stillation and itgh6 messenger RNA levels at 28 d (data not
shown). More importantly, however, there was a significant corre-
lation between !In-labeled peptide binding at 14 d with the level
of hydroxyproline measured in lung homogenates after 28 d (Fig.
60).

S

g 1.5+

=

P

> 1.04

©

[1+]

—

=~ 0.5+

s

£

S 00 r

X o

i & &
o W
Saline Bleomycin

FIGURE 4. Levels of binding in lungs, expressed as percentage of
initial activity of "''In-labeled peptide were quantified in saline- (n = 6)
or bleomycin- (n = 5) treated animals pretreated with avp6-blocking
antibody or mice pretreated with IgG2a isotype control (n = 4/group).
Data are presented as mean = SEM. *P < 0.05. ***P < 0.0001.
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FIGURE 5. Binding of ""In-DTPA-A20FMDV2 to avp6 integrins was
assessed in lungs of bleomycin-instilled mice (n = 6/group) and saline-
treated mice (n = 4/group), and levels of peptide binding were com-
pared after repeated scans at 2 and 4 wk after administration.

DISCUSSION

IPF is chronic, progressive lung disease with a prognosis worse
than most cancers and with no therapy proven to improve survival.
Novel strategies to improve the outcome for these patients are
urgently required, and to facilitate a stratified approach to the
treatment of IPF it is important to identify a biomarker that reflects
relevant biology. The epithelial-restricted integrin av[36 is an at-
tractive target for the treatment of IPF because of its important
role in regulating integrin-dependent transforming growth factor 3
activation (25), its pathogenic role in several different experimen-
tal models of fibrosis (25,26,28,35-37), and its increased expres-
sion on alveolar epithelial cells in fibrotic areas of lung in patients
with IPF (27,28). The expression of av36 integrin is temporally
and spatially linked to the development of fibrosis, with upregu-
lation of integrin in the alveolar epithelium being detected before
the development of fibrosis and persisting within the fibrotic lesions
(26). This temporal relationship between the increased expression
in avf36 integrins and the onset of fibrosis may be possible to exploit
as a companion biomarker for the stratified treatment of IPF.

This is the first study, to our knowledge, to use an avp36-
targeted, radiolabeled peptide to identify the endogenous molecule
in vivo. The imaging data demonstrate that the av36 integrin is upre-
gulated after 2 wk and high levels are maintained for 4 wk after
injury. This finding is consistent with immunohistochemical as-
sessment of the av36 integrin after bleomycin lung injury, which
demonstrates that the av36 integrin is upregulated after 10 d (25)
and high levels are maintained for at least 21 d (27). Previous
studies have used this imaging strategy to identify the av[36 integ-
rin in murine models of breast (3/) and pancreatic cancer (30),
which graft tumors into nude mice. It is extremely encouraging
that nanoSPECT/CT scanning was able to measure increased
binding of '''In-DTPA-A20FMDV?2 in injured murine lung be-
cause the level of av36 integrin expression and density of abnor-
mal epithelium is much lower than in orthotopic tumor models.
Furthermore, it is likely that the radiolabeled peptide uptake will
be considerably greater in patients with IPF because we have pre-
viously demonstrated higher levels of av@6 integrin staining in
sections of fibrotic lung taken from patients with IPF than from
sections of lung from mice with bleomycin-induced fibrosis (27).
This would make SPECT imaging an attractive clinical proposition.

It is also interesting to note that the nanoSPECT/CT scanning is
able to detect a consistent level of av6 integrin in aerated, un-
injured lung, because immunohistochemical analysis of av36 in
the lungs often detects little or no expression of the integrin in
normal lung tissue (27,28). It is known that av36 integrins are
expressed on normal airway epithelium because avB6~/~ mice
show an inflammatory phenotype even in the absence of lung in-
jury (25,38), they are upregulated in vitro, and they can be de-
tected by flow cytometry (39). We are confident that the signal we
identify in the mice is specific for the av36 integrin because the
targeting peptide has been shown to be up to 1,000-fold more
selective for binding to aov36 than other av integrins (37), there
is a significant positive correlation between the avp36 levels de-
tected by nanoSPECT/CT and immunohistochemical staining in
the same lungs, it correlates with the change in irgh6 messenger
RNA at the same time-point, there is no signal with the random
peptide control, and the signal can be blocked by administration of
an av36 integrin—specific blocking antibody before SPECT imaging.
Thus, SPECT/CT scanning to detect the av36-targeted radiola-
beled peptide is both a better global analysis tool for quantification
of this integrin than immunohistochemistry or messenger RNA,
techniques which are both subject to sampling bias, and also
a highly sensitive measure of av36 integrin expression.
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Although this study focused on the lungs, the nanoSPECT/CT
imaging identified uptake of av[36 integrin in the submandibular
glands and oral cavity and also within the skin. Constitutive av36
expression has previously been reported in salivary glands (40)
and in the junctional and oral epithelium of the gingival papilla
(41). Although the role of avp6 in salivary glands is unclear,
expression in the junctional and oral epithelial cells appears to
protect the periodontium from inflammation. This integrin also
has a known role in the skin, analogous to its role in the lungs,
with the avB6~/~ mice getting increased dermal inflammation
(42). Furthermore, mice with keratinocyte specific overexpression
of the av[36 integrin are more prone to dermal fibrosis (43), sug-
gesting that SPECT/CT may also have utility in conditions such as
systemic sclerosis where there is multiorgan fibrosis. High levels
of tracer were detected in the gastrointestinal tracts and kidneys as
reported previously (37), and although some mice do have avp6
on surface colonocytes most of the signal is due to the metabolism
and excretion of the radiolabeled peptide (31).

The utility of SPECT/CT imaging as a biomarker for stratifying
therapy for IPF rests not only on its targeting potential, its sen-
sitivity, and dynamic range—which are demonstrated in the data
described—but also through its noninvasive nature and the poten-
tial for repeated imaging. At the current time, the only way to
detect the av(36 integrin in human samples is through immuno-
histochemical analysis of lung biopsies. Lung biopsies are not uni-
versally performed and in the current American Thoracic Society/
European Respiratory Society consensus statement are recommen-
ded only for discrimination of probable and possible IPF (7). As
discussed earlier, lung biopsies suffer from sampling bias, leading
to suboptimal quantification, and furthermore, given the signifi-
cant mortality rate associated with lung biopsies, repeated sam-
pling is impractical (44). Therefore, molecular imaging using
SPECT/CT is likely to offer a significant advance for immunophe-
notyping patients with IPF that would not otherwise be possible.

These data are likely to be rapidly translatable into clinical
practice. The '"'"In-DTPA-A20FMDV?2 is known to bind to human
avB6 integrins in vitro and in vivo (30,31) and ''In-labeled peptides
are widely used in clinical practice. Moreover, '8F-A20FMDV2 has
been used in vivo for successful PET imaging of av36 on human
xenografts (30), and PET/CT scans have previously been obtained
for IPF patients (22,23). Thus, SPECT/CT or PET/CT with radio-
labeled A20FMDV?2 can offer valuable new imaging modalities
for stratifying patients with IPF, although at the present time SPECT
is more widely available and less costly than PET imaging.

A potential limitation of this technology in IPF would be the
requirement for repeated administration of radiolabeled peptide to
patients. In these studies, we administered on average 28.70 MBq
of ""'In per mouse. For human use, we would anticipate admin-
istering approximately 200 MBq for an adult SPECT investiga-
tion. In a 70-kg adult with normal renal function, this would equate
to the order of 12-16 mSyv, a similar amount to that previously
received by patients undergoing somatostatin receptor imaging
using '"In-octreotide (45,46).

CONCLUSION

We have developed a highly sensitive technique for quantifying
avB6 integrin levels within the lungs. It has a dynamic range
sufficient to detect low levels of the integrin in uninjured, normally
aerated lungs and in lungs of mice with bleomycin-induced fibro-
sis. The signal is quantifiable and correlates with the levels of

PrecLINICAL IMAGING OF LUNG aovg6 INTEGRINS  ®

avB6 protein, irgh6 messenger RNA, and hydroxyproline in the
lungs. Furthermore, the signal measured at 2 wk is able to predict
the degree of fibrosis after 4 wk. This technology may have clin-
ical potential for use in patients with IPF.
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