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From Mice to Humans: The Exocrine Pancreas
Does Not Matter in Human GLP-1
Receptor Imaging

TO THE EDITOR: Noninvasive determination of pancreatic
b-cell mass (BCM) in humans is key to understanding the patho-
physiology of type 1 diabetes (T1D) and type 2 diabetes. It ap-
pears that BCM and b-cell function are not directly linked and
that b-cell dysfunction is a key pathophysiologic parameter. The
main challenge of pancreatic b-cell imaging is to use a highly spe-
cific tracer molecule so that the signal originating from the pancre-
as reflects actual BCM (1).
Khera and coworkers show that reduction of exocrine pancreatic

uptake by GLP-1 receptor (GLP-1R) blocking with fluorescent ex-
endin improves in vivo imaging of pancreatic b-cells in mice (2).
We have previously demonstrated that, as opposed to mice, rats do
not display exocrine pancreatic uptake, as confirmed by quantita-
tive polymerase chain reaction (3) and immunohistochemical
GLP-1R staining (4). The human pancreas shows an even higher
endocrine-to-exocrine ratio (3), and single-cell RNA sequencing
demonstrates specificity of the GLP-1R for human b- and d-cells
(5).
Insulin-positive islets are present in pancreata of people with

long-standing T1D, indicating that b-cell dysfunction plays an im-
portant role in T1D pathophysiology (6). Pancreatic exendin up-
take in individuals with T1D therefore reflects dysfunctional BCM
(representing highly important information about the pathophysiol-
ogy of T1D) and not uptake in non–b-cells, explaining “… the
lack of clinical distinction between healthy volunteers and subjects
with long-term diabetes… .” as claimed by Khera et al. (2).
We have recently shown in people with long-standing T1D that

exendin uptake in human pancreata can indeed drop to background
levels, a strong argument against exocrine pancreas uptake. About
half the tested individuals showed significant pancreatic uptake,
pointing toward residual BCM (7), in line with the concept of
b-cell dysfunction in T1D (6). Immunohistochemical analysis of
human pancreata from individuals with long-standing T1D indeed
confirms the presence of numerous GLP-1R–expressing b-cells
and staining of d-cells, the latter explaining the low residual uptake
after complete loss of b-cells. Data from healthy individuals con-
firm exclusive staining of b- and d-cells and no staining in exocrine
pancreas (7). These data are confirmed by the finding that ex vivo
autoradiography of human pancreatic tissue shows only back-
ground uptake in the exocrine pancreas (comparable to rats) (8).
Finally, in view of the small differences in exocrine pancreatic

uptake between wild-type and GLP-1R knockout mice, shown by
Khera and coworkers (Fig. 1) (2), and the minor uptake reduction
after blocking (2), the GLP-1R does not play an important role in
exocrine pancreas uptake, as shown previously (4).
Therefore, although the approach presented by Khera and cow-

orkers (2) is highly interesting, the practical value is limited to
mouse imaging. In addition, high pharmacologic doses of (fluores-

cent) exendin may lead to receptor saturation phenomena disturb-
ing the linear correlation between tracer uptake and BCM (1,3).
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Reply: From Mice to Humans: The Exocrine
Pancreas Does Not Matter in Human GLP-1
Receptor Imaging

REPLY: I want to thank Gotthardt and colleagues for bringing
this important clinical question to the forefront of discussion—the
independent measurement of b-cell mass and b-cell function (1).
Indeed, this distinction has major implications for both type 1 and
type 2 diabetes research. Their group and others have pioneered
glucagon-like peptide-1 receptor (GLP-1R) imaging in the clinic,
moving this research beyond preclinical animal models. Despite
great progress, significant challenges remain.� 2021 by the Society of Nuclear Medicine andMolecular Imaging.
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CHALLENGES

b-cells present an extremely difficult imaging target in the clin-
ic, in part because of their low fraction (�1%) in the pancreas and
the small size of islets, resulting in significant volume averaging
with surrounding exocrine tissue. In addition, as Willekens et al.
have shown (2), the expression of GLP-1R has significant inter-
species variability. The important question for the clinic is if and
how much GLP-1R protein expression exists in off-target cells in
humans. Specifically, expression of GLP-1R on exocrine cells is
critical, since even expression levels 100-fold lower than b-cells
can still be significant given their abundance relative to b-cells,
and estimates have indicated that 1,000-fold lower levels are need-
ed for b-cell mass quantification (3).
Unfortunately, many studies cited previously (4) indicate mea-

surable expression of GLP1-R protein in human exocrine cells (5).
The importance of quantifying target expression cannot be over-
stated, and this has to be done at the protein level. In this case, the
transcriptional data are not representative of protein levels, which
are the relevant metric for molecular imaging. For example, the
messenger RNA expression data from Willekens et al. show simi-
lar mouse and rat messenger RNA endocrine-to-exocrine ratios de-
spite very different protein levels (2). Absolute quantification (i.e.,
number of receptors per cell) is critically important. The “small
differences in exocrine pancreatic uptake between wild-type and
GLP-1R knockout mice” on a per-cell basis translate into over
half of the total signal in the pancreas because of their 100-fold
higher prevalence. For mice, we quantified 54,000 GLP-1R per
b-cell and approximately 50-fold lower levels for exocrine cells
(�40-fold lower based on single-cell flow cytometry measure-
ments (4) and 60-fold lower based on bulk percentage injected
dose/g (6)). Indeed, 1,000 receptors per cell is below the limit of
detection for most single-cell and tissue fluorescent methods and
can easily be overlooked compared with the intense b-cell stain-
ing. Despite this difficulty in detection, a robust signal unfortu-
nately remains, and this level in mice is well above the limits nec-
essary to cause problems in whole-body imaging.

RELEVANCE

To clarify, we do not claim that “the lack of clinical distinction
between healthy volunteers and subjects with long-term diabetes”
was caused by exocrine uptake, but rather the full sentence indi-
cates this is a possible result consistent with the evidence. To rig-
orously and unambiguously identify residual b-cell mass in pa-
tients, uptake from the exocrine pancreas has to be discounted.
Even more problematic, Waser and Reubi demonstrated that only

about half of human samples (3/5) appear to express detectable exo-
crine signal (7). If it were uniform among patients, we would agree
that some long-standing type 1 diabetic patients showing background
levels would support a lack of exocrine uptake. However, since
some patients appear to lack exocrine expression, the background
levels could simply be the patients lacking exocrine expression.
Now in contrast, the preliminary results reported by Gotthardt et al.
indicate less variability in the 7 patients they studied. Here, the endo-
crine-to-exocrine ratio was 3.9 6 0.5, with little variation (8). How-
ever, this number is similar to the ratios they reported in mice (4.11
6 0.9 and 4.56 6 0.9) rather than rats (44–106) (2). These clinical
data appear consistent with histology reports of significant human
exocrine GLP-1R expression (9,10).
The fact that these clinical data are similar to mice does not

mean that the absolute expression levels are the same in mice and

humans. At the tracer doses used, the similarity is more likely a re-
flection of delivery, that is, higher vascularization in endocrine tis-
sue than in exocrine tissue. This is why the mouse autoradiogra-
phy ratio is only approximately 4 at tracer doses whereas the
absolute expression differences we measured are close to 50 at sat-
urating doses. It is currently unclear what this ratio is in humans.

WHERE DO WE GO FROM HERE?

The most recent data reported by Gotthardt and colleagues are
exactly the type of data that need to be collected if we want to de-
termine whether the exocrine uptake can be selectively blocked
(8). I commend them for their significant efforts to collect these
important data, since pancreatic samples are difficult to obtain yet
exactly the type of data the scientific community needs. Similar to
our collaboration using intraoperative imaging agents to look at
antibody distribution in tumors and associated healthy tissue (11),
ex vivo analysis can enable absolute probe uptake after in vivo
administration.
If their preliminary results continue to mimic the mouse pancre-

as, selective blocking may be needed to suppress exocrine uptake
and reliably detect b-cells as we propose. The method we used in
mice is not perfect, and the absolute endocrine-to-exocrine expres-
sion ratio in humans likely needs to be greater than in mice to
practically work in humans. However, potential blocking agents
are available that could be used in a similar study. Although we
used a lipophilic fluorescent dye to simultaneously bind albumin
and facilitate imaging, a lipophilic conjugate such as liraglutide
would be a potential Food and Drug Administration–approved
blocking agent.
The path is difficult, but it is an exciting time to investigate

b-cell biology. Importantly, these results do not discount the po-
tential presence of b-cells within the diabetic pancreas. Rather,
they indicate that the exocrine expression level has to be addressed
to definitively image residual b-cell mass within the human pan-
creas. The method outlined by Khera et al. (4) is one approach
that can be pursued in humans to address this issue. The work by
the Gotthardt lab and others staining for b-cell markers such as
GLP-1R in patients with long-standing diabetes raises the possibil-
ity of reversing this disease. To interpret these imaging results, we
need to definitively know the endocrine-versus-exocrine uptake of
these molecular probes. Exendin has many attributes of an ideal
imaging agent—tight binding, high retention from metabolic trap-
ping, low nonspecific sticking, and rapid clearance. We just need
to ensure the cellular specificity to be able to use this agent in the
clinic.
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Disparities in PET Imaging of Prostate Cancer at
a Tertiary Academic Medical Center

TO THE EDITOR: We read with interest the article by Bucknor
et al. titled, “Disparities in PET Imaging for Prostate Cancer at a
Tertiary Academic Medical Center” (1). The authors compare en-
rollment data between 2 cohorts: one having standard-of-care
(SOC) 18F-fluciclovine PET and a second undergoing 68Ga-pros-
tate-specific membrane antigen (PSMA)–11 PET. As SOC, 18F-
fluciclovine PET is generally eligible for reimbursement by insur-
ance whereas 68Ga-PSMA-11 PET was offered under a Food and
Drug Administration–reviewed investigational new drug protocol
with cost-recovery mechanism.
More participants were reported in the investigational arm

(1,502, 85.5%) than in the SOC arm (254, 14.5%) over the same
period. The authors indicate that the proportion of African Ameri-
cans who had SOC PET was 6.7%, as opposed to a mere 1.4% in
the investigational arm. The percentages for Asians were 8.7%
and 5.8%, respectively, and for Whites, 71.6% and 80%, respec-
tively. The 2010 San Francisco Bay Area Census indicates a popu-
lation distribution of 6.7% African Americans, 23.3% Asians, and
52.5% Whites. Although the proportion who had SOC PET was
aligned with the geographic racial mix, for the investigational arm
the African American inclusion was more than 4 times lower.
Finding that African American patients had increased odds of re-
ceiving imaging with 18F-fluciclovine versus 68Ga-PSMA-11,
compared with non-Hispanic White patients, the authors conclude
that access to 68Ga-PSMA-11 for African American patients was
limited, compared with White patients.
The authors acknowledge the limitations of a single-site study.

As a point of reference, our institution is located in the same geo-
graphic area (Northern California). We started a second program
for PSMA PET imaging in May 2018 using 2-(3-{1-carboxy-5-
[(6-18F-fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-penta-
nedioic acid (18F-DCFPyL) at biochemical recurrence of prostate

cancer (NCT03501940) (2), after completing a phase II study of
68Ga-PSMA-11 (NCT02673151). In total, 187 participants have
been enrolled to date in the investigational cohort, whereas 436 pa-
tients have undergone SOC 18F-fluciclovine PET over the same
period. The proportion of African Americans who had SOC PET
was 4.4%, versus 4.8% in the investigational arm. The respective
percentages were 13.1% and 8.6% for Asians and 68% and 79.7%
for Whites.
How can 2 institutions be so geographically close yet have such

a different experience in equitable access to care through a re-
search trial? Part of the answer may be related to the need to in-
clude a more complete set of predictor variables. For example, the
amount of the health-care expenditure for which the patient is held
responsible, rather than merely the classification of insurance as
“commercial,” “government,” or “unknown,” may be more telling
of a patient’s ability to pay in an era of significant copayments and
high deductibles (3). In addition, the authors, as well as other con-
tributors to the literature (4), point out several other patient-specif-
ic factors that could be considered as predictors in future studies.
However, referral to a tertiary- or quaternary-care center for imag-
ing may have more to do with the behavior of the referring provid-
er or the number of physicians involved in the care of the patient
than with characteristics of the patients themselves (5).
The different results between our geographically close institu-

tions may also be a direct result of inadvertent effects of trial de-
sign. The authors state, “Remarkably, despite the requirement for
study participation and the possibility of self-pay, nearly six times
as many patients in this study were imaged with 68Ga-PSMA-11
compared to 18F-fluciclovine,” and go on to highlight potential
disparities in access to imaging research trials for African-Ameri-
can patients. The Food and Drug Administration–approved cost-
recovery mechanism used to pay for 68Ga-PSMA-11 in the study
allows institutions to charge private insurance (not Medicare) and
individuals the direct cost of manufacturing the radiopharmaceuti-
cal, audited by an external certified public accountant. However,
the cost-recovery mechanism does not govern the charges for tech-
nical and professional fees for a PET/CT examination. Bucknor
et al. indicate a charge associated with cost recovery at their insti-
tution ranging between $900 and $1,400, depending on the num-
ber of syntheses performed in a year; however, although men-
tioned briefly, they do not detail the technical and professional
fees billed to participants or insurance in their protocols. We
expect these fees to be at least as much as cost recovery for the
radiopharmaceutical dose, based on known Medicare charges.
At our institution, we applied for a research access program

through the Prostate Cancer Foundation in 2017. On approval,
18F-DCFPyL was provided at no cost and we waived the technical
and professional fees for all participants. Therefore, the partici-
pants who have PSMA PET at our institution do not receive bills
related to the radiopharmaceutical, imaging acquisition, or report.
Although very important to bring novel radiopharmaceuticals to

the United States, cost-recovery trials may create unequal access
when there are no mechanisms to provide the same opportunities
for disadvantaged patient groups. As the authors themselves point
out, “Through this mechanism, patients often would be financially
liable for the direct cost of the radiotracer and possibly the cost of
the technical component of the PET imaging, which could pose a
significant barrier to low income groups.” Barriers to care access
can result from bias (perceived or unperceived), shortcomings of
research recruitment strategies, or geographic availability of serv-
ices. However, barriers can also be created by the threat of

LETTERS TO THE EDITOR 747

mailto:gthurber@umich.edu



