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Summary

Background—Haemopoietic stem-cell transplantation (HSCT) eradicates host haemopoiesis
before venous infusion of haemopoietic stem cells (HSCs). The pathway to cellular recovery has
been difficult to study in human beings because of risks associated with interventions during
aplasia. We investigated whether 18F-fluorothymidine (8F-FLT) imaging was safe during
allogenic HSCT and allowed visualisation of early cellular proliferation and detection of patterns
of cellular engraftment after HSCT.

Methods—Eligible patients were aged 18-55 years, had high-risk haematological malignancies.
All patients underwent myeloablation followed by HSCT. The imaging primary endpoint was
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detection of early subclinical engraftment after HSCT with 18F-FLT PET or CT. Imaging was done
1 day before and 5 or 9, and 28 days, and 1 year after HSCT. This study is registered with
ClinicalTrials.gov, number NCT01338987.

Findings—Between April 1, 2014, and Dec 31, 2015, 23 patients were enrolled and assessable
for toxic effects after completing accrual. 18F-FLT was not associated with any adverse events or
delayed engraftment. 18F-FLT imaging objectively identified subclinical bone-marrow recovery
within 5 days of HSC infusion, which was up to 20 days before engraftment became clinically
evident. Quantitatively, 18F-FLT intensity differed significantly between myeloablative infusion
before HSCT and subclinical HSC recovery (p=0.00031). 18F-FLT biodistribution over time
revealed a previously unknown path of cellular recovery of haemopoiesis in vivo that mirrored
fetal ontogeny.

Interpretation—18F-FLT allowed quantification and tracking of subclinical bone-marrow
repopulation in human beings and revealed new insights into the biology of HSC recovery after
HSCT.

Funding—National Institutes of Health, Ben’s Run/Ben’s Gift, Albert and Elizabeth Tucker
Foundation, Mex Frates Leukemia Fund, Jones Family fund, and Oklahoma Center for Adult Stem
Cell Research.

Introduction

Although the homing of haemopoietic stem cells (HSCs) to bone marrow has been studied in
detail in mice,! the pathway to engraftment in human beings is poorly understood. HSC
transplantation (HSCT) involves eradication of resident host haemopoiesis followed by
venous infusion of HSCs. Typically, after 14-28 days, peripheral blood shows evidence of
new haemopoiesis, with release of donor monocytes and neutrophils, and by day 28 the
posterior superior iliac crest shows evidence of donor haemopoiesis. Whether HSCs travel
directly to the iliac crest bone-marrow space or first home to other organs in human beings is
unknown and has been difficult to study because invasive techniques, such as biopsy, carry a
substantial risk of infection during the period of aplasia before neutrophil recovery.

Various imaging methods can reveal cellular events in bone marrow, but available techniques
have had poor sensitivity and specificity.2~4 For example, 18F-fluorodeoxyglucose (18F-
FDG) PET shows bone-marrow proliferation, but non-specific uptake due to inflammation
leads to poor correlation between signal changes and bone-marrow events.# The
investigational imaging agent 18F-fluorothymidine (8F-FLT) detects haemopoietic cell
division with pre cision.>"10 18F-FLT is a thymidine analogue that enters cells via
transporters during the S phase of cell division and is temporarily trapped via
phosphorylation of thymidine kinase 1, which is found only in haemopoietic stem cells,
lymphocytes, and cancer cells.11 In rodents, 18F-FLT imaging has quanti tatively shown
migration of newly infused HSCs to bone marrow within 4 days of HSCT, which is
significantly earlier than can be detected with bone-marrow biopsy.12 These data suggest
that 18F-FLT could be used to study the preclinical recovery of haemopoiesis in human
beings.
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We did a pilot study to investigate whether 18F-FLT would have a favourable safety profile
in the peri-HSCT period, could identify subclinical HSC engraftment, and could characterise
and quantify the pattern of preclinical migration of HSCs and the pace of engraftment.

Study design and participants

Procedures

We did a planned prospective, open-label, pilot study in a subpopulation of patients enrolled
in a study at the University of Oklahoma and National Institutes of Health to investigate
whether 18F-FLT imaging could safely identify cellular recovery and assess the effects of
leuprorelin on immune reconstitution (both primary endpoints). Eligible patients were aged
18-55 years and had high-risk acute leukaemia, chronic myeloid leukaemia resistant to
tyrosine-kinase inhibitors, chronic myelo monocytic leukaemia, or myelo dysplastic
syndrome for which allogeneic HSCT is the standard of care. Other inclusion criteria were
Lansky or Karnofsky scores greater than 60%, life expectancy longer than 3 months, organ
function sufficient to tolerate myeloablative HSCT (total bilirubin <2.5 mg/dL [<42.8
pumol/L], transaminase concentrations less than five times the upper limit of normal,
creatinine clearance >60 mL/min per 1.73 m? [>1.00 mL/s per m?], ejection fraction =50%,
diffusing capacity of the lung for carbon monoxide adjusted for alveolar volume and
haemoglobin at least 50%, and forced expiratory volume in 1 s at least 60% of predicted),
absence of HIV infection, active hepatitis B, uncontrolled infections, psychiatric disorders
that might compromise study adherence, pregnancy, and previous exposure to 18F-FLT, and
intolerance of leuprorelin. Previous autologous transplantation was permitted. Any
experimental treatments had to have been completed more than 2 weeks before study entry.
Patients were considered consecutively. If 18F-FLT imaging could not be done for technical
or clinical reasons on or close to the designated days, the patients were excluded from this
cohort.

The study was approved by the institutional review board at each institution and the NIH
Radiation Safety Committee, and was done in accordance with the principles of the
Declaration of Helsinki and Good Clinical Practice guidelines. All patients provided written
informed consent before enrolment. Additionally, the University of Oklahoma Institutional
Review Board approved a protocol (number 6432) to confirm the sequence of engraftment
shown by 18F-FLT imaging with autopsy evidence of donor haemopoiesis in lymphoid
organs from patients not enrolled in this study who underwent sex-mismatched HSCTs and
died within 10 days of infusion.

Patients underwent myeloablative conditioning with 1200 cGy total-body irradiation and
120 mg/kg cyclophosphamide followed by infusion of HLA 7/8-matched or 8/8-matched
HSCs from related or unrelated donor bone marrow or peripheral blood stem cells (PBSCs).
We used a clacineurin inhibitor and mini-methotrexate regimen (10 mg/m? on day 1 and 5
mg/m? on days 3, 6, and 11 after HSCT) for graft-versus-host disease prophylaxis.
Engraftment was defined as the first day of 3 consecutive days with an absolute neutrophil
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count greater than 0.5 x 10%/L after HSCT. Relapse of leukaemia before engraftment was
censored. No patients received growth factors before engraftment.

All imaging was done at the NIH Clinical Center in the Molecular Imaging Program,
National Cancer Institute’s Center for Cancer Research (Bethesda, MD, USA). Patients were
scheduled to undergo imaging with simultaneous 18F-FLT PET and CT (PET/CT) 1 day
before and 5 or 9 days, 28 days, and 1 year after HSCT (appendix p 1) and with 18F-FDG at
28 days and 1 year after HSCT.

18F_FLT PET/CT was done with a Gemini TF Time of Flight scanner (Philips, Cleveland,
OH, USA) after administration of 0.07 mCi/kg (maximum 3.00 mCi/kg) 18F-FLT
(Investigational New Drug approval 111119; Cardinal Health, Greenbelt, MD, USA). Low-
dose CT was done for attenuation correction. Immediately after infusion of 18F-FLT,
dynamic emission studies over the thoracic (n=17) or lumbar (n=6) regions were done for 45
min in the following sequence: four at 30 s, eight at 1 min, eight at 2 min, and two at 5 min.
After dynamic imaging, static imaging of the whole body from the base of the skull to the
tibia was done 1 h and 2 h after radiotracer injection. Images were reconstructed on the
Extended Brilliance Workspace (Philips), and 18F-FLT PET/CT images were registered,
displayed, and analysed with MIM software (version 6.1).

The following sites were analysed on static fused 18F-FLT PET/CT images: thorax (thoracic
spine 1-12), lumbar region (lumbar spine 1-5), cervical region, bilateral pelvic wings,
bilateral iliac crests, bilateral humeri and femurs, sternum, spleen, liver, and fat. Circular
three-dimensional regions of interest were applied to static or dynamic images by reviewers
unaware of clinical outcomes (appendix p 1). Regions of interest were 1 cm?3 for all sites in
static images. We compared 18F-FLT standardised uptake values (SUVs) by time to
engraftment. Dynamic images focused at the level of the thorax were analysed by applying
regions of interest of 5 cm3 to the liver, 3 cm3 to the spleen, and 1 cm?3 to three vertebral
marrow spaces within the field of view. Representative images were chosen from those
obtained on designated imaging days and from bone-marrow and PBSC graft recipients.

Adverse events were assessed continuously for longer than 1 year and classified as being
attributable or not attributable to 18F-FLT. Additionally, we assessed immediate toxic effects
related to 18F-FLT, which is a concern owing to the concurrent administration of toxic
medications and preceding myeloablation. In all patients we measured creatinine
concentrations, liver function, and bilirubin concentrations before and within 24 h after
imaging.

To corrobrate the findings on engraftment shown by 18F-FLT imaging, splenic and liver
tissues were tested from two patients not enrolled in the study who received HSCs from sex-
mismatched donors and who died within 10 days of infusion. Paraffin-embedded samples
obtained at autopsy were stained with haematoxylin and eosin and assessed by
immunohistochemistry with rabbit polyclonal antibody (DAKO, Carpentaria, CA, USA)
against human c-Kit (approved symbol SCFR) and by XY fluorescence in-situ hybridisation.
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The imaging primary endpoint of the study was detection of subclinical engraftment by 18F-
FLT imaging. The secondary endpoints were the anatomical sites of early cell proliferation,
the pace of engraftment, and safety early after HSCT. The second primary endpoint of the
study, immune reconstitution associated with leuprorelin after allogeneic HSCT, is not
discussed in this Article.

Statistical analysis

Initially, the trial was powered to include 15 patients to achieve 13 assessable patients who
had undergone imaging on days 5 and had a known engraftment date. A correlation
coefficient was estimated in a pilot fashion: a 0.1 one-sided, one-tailed test to determine
whether the correlation coefficient had a value of 0.85 rather than a null value of 0.50 with
80% power. Patients could be removed from study for refusal to continue therapy, loss to
follow-up, and death. An interim safety analysis of adverse events attributed to 18F-FLT was
planned for the first seven patients enrolled, with planned stopping of the 18F-FLT arm of the
protocol if two or more did not have engraftment and needed a back-up product. Recovery of
leukaemia before engraftment was censored because leukaemia cells upregulate thymidine
kinase 1 and might alter images around the time of relapse.19 An additional eight assessable
patients permitted comparison of scans done on day 9 with those done on day 5 and
exploration of differences between bone-marrow and PBSC sources of HSCs. All patients,
irrespective of relapse, would be included in assessment of 18F-FLT toxic effects and non-
relapsed patients would be included in the primary and non-relapse secondary analyses.

We used the Wilcoxon’s signed rank test to do pairwise analyses. To determine the
dichotomised effect of the median thoracic SUV on the difference in days between
engraftment and measurement of 18F-FLT, we used a cutoff point 2 SD above bone-marrow
myeloablation threshold (SUV=1.4), and days between SUV groups (<1.4 vs=1.4) and time
to engraftment were compared with the exact Wilcoxon rank sum test. The Page’s L test for
trend was used to investigate whether the mean slopes of the median SUVs (from 1 day
before to day 5-12 after HSCT) in osseous structures and organ sites were ranked in a
consistent pattern. We used mixed models to compare mean of the median SUVs across
timepoints, test for linearity of bone-marrow Ki across timepoints, and test for non-linearity
of liver Ki and spleen Ki across timepoints. We did all analyses with SAS version 9.4. All p
values are two tailed, except those for Page’s L test, which are one tailed, with an a of 0.05.
This study is registered with Clinical Trials.gov, number NCT01338987.

Role of the funding source

Results

The funders of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had access to all the data in
the study and had final responsibility for the decision to submit for publication.

Between April 1, 2011, and Dec 31, 2015, we enrolled 23 patients who underwent 18F-FLT
imaging, completing accrual goals. Patients underwent 18F-FLT imaging and were
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assessable for safety endpoints (table). The median follow-up after HSCT was 4.3

years. 18F-FLT imaging was well tolerated, with no attributed adverse events, including
delay of engraftment. The median time to engraftment was 15 days (IQR 13-19) for
recipients of PBSC grafts and 20 days (17-22) for recipients of bone-marrow grafts. All
patients underwent 18F-FLT and 18F-FDG imaging during the planned visits except for one
patient who had a scan on day 6 and one who had a scan on day 12 for technical or clinical
reasons. Additionally, one patient who had a missing scan from days 5-12 and three patients
had missing scans from day 28 for technical or clinical reasons. Two patients were excluded
from the analysis because relapse before day 28 might have altered 18F-FLT uptake.10

18F_FLT imaging revealed subclinical engraftment after HSCT. Compared with 18F-FDG
imaging, 18F-FLT imaging allowed better visualisation of the bone marrow of all patients
(figure 1A). Of the 21 patients without relapse, 18F-FLT imaging consistently revealed bone-
marrow uptake by day 5, with increasing intra-patient SUVs as a function of time from
transplantation (figure 1B, appendix p 2). To determine the pattern of uptake objectively
across bone-marrow sites, we compared SUVs for patients imaged 1 day before and 5-6 and
28 days after HSCT (n=15) with those in pateints imaged 1 day before and 9-12 and 28 days
after HSCT (n=5). We found a consistent pattern of activation of bone marrow, with the most
pronounced initial uptake in the thoracic spine, followed by the remainder of the axial
skeleton and sternum, and finally the extremities (figure 1C). This pattern was consistent
irrespective of whether patients underwent imaging on days 5-6 or 9-12, although the
increase in SUVs was slightly greater at the later imaging timepoint. The magnitude of 18F-
FLT uptake differed significantly between 1 day before HSC infusion and 28 days after
infusion (after clinical engraftment in most patients; p<0.0001, figure 1D).

18F_FLT uptake was associated with the pace of cellular recovery. On early (day 5-12) 18F-
FLT images, patients with median thoracic spine SUVs of 1.4 or greater had shorter time to
engraftment than those with SUVs lower than 1.4 (<8 days vs 14 days, p=0.0075; figure 1E).
Between 1 day before and 5-6 days after HSCT, the median of the mean thoracic SUV rose
from 0.61 to 1.09 (p=0.00031), as is consistent with early subclinical engraftment. By
comparison, uptake in fat, a non-proliferative tissue, was unchanged over time (p=0.96). By
day 28 after HSCT, dynamic analyses (Ki) showed that bone-marrow uptake of 18F-FLT was
indicative of site-specific cellular expansion and exceeded the background circulation

of 18F-FLT in peripheral blood (p<0.0001, figure 2A, B). These data suggest that 18F-FLT
imaging is a precise indicator of subclinical cellular homing to marrow spaces, bone-marrow
uptake exceeds unbound circulating radioisotope, quantification of 18F-FLT uptake is
associated with haemopoietic cellular recovery, and the technique reveals a consistent
pattern of bone-marrow repopulation.

18F_FLT imaging revealed the sequence of haemopoietic cell migration after HSCT. 18F-FLT
uptake peaked in the liver and spleen on days 5-6 and decreased thereafter (figure 3A, B).
Dynamic image analysis with compartmental modeling to assess tracer sequestration and
cellular metabolism showed that 18F-FLT uptake in the spleen exceeded the background
circulation of unbound 18F-FLT early after HSCT (figure 3C). In the liver, the Ki showed
increased proliferation by days 5-6, followed by decreased uptake and a return to baseline
by day 28. However, because 18F-FLT is metabolised by the liver, the Ki reflects liver

Lancet Haematol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al.

Page 8

cellular proliferation and metabolism of circulating 18F-FLT. By contrast, the spleen showed
increased early uptake that fell between days 9-12 and day 28 (figure 3C).

The temporal pattern of engraftment identified by 18F-FLT showed early liver and spleen
engraftment, followed by thoracic spine, the remainder of the axial spine, sternum, and the
medullary spaces of the distal extremity (figures 3A, 4). Between 28 days and 1 year,
haemopoiesis waned in the extremities, suggesting a return to the normal adult pattern
involving only the bone marrow of the axial skeleton. The mean extremity SUV derived
from eight patients was 6.72 (SD 3.81) at 28 days and 3.64 (SD 2.13) at 1 year (p=0.0078).

To assess whether the increased 18F-FLT uptake in lymphoid organs early after HSCT
represented donor haemopoiesis, we tested splenic and liver tissue samples obtained at
autopsy from two patients who died within 10 days of transplantation on a separate protocol.
XY fluorescence in-situ hybridisation confirmed that 99% of haemopoietic cells in the
spleen were of donor origin (appendix p 2). In the liver tissue, we found CD34-positive cells
and cells of donor origin identified by sex mismatch. In contrast, haemopoiesis was minimal
in the bone marrow at that time (appendix p 2).

Discussion

18F_FLT PET/CT imaging with the investigational radioisotope 18F-FLT characterised and
quantified subclinical HSC homing and repopulation after HSCT. These processes have not
been previously accessible for study in human beings. Our approach was safe and had no
associated adverse events. In our study, time to engraftment was consistent with that in
previous reports,12 which was crucial for the use of 18F-FLT in HSCT because it suggests
that the radiation exposure early after infusion had no harmful effects on HSC

engraftment. 18F-FLT uptake clearly showed early haemopoietic cell proliferation in bone
marrow. 18F-FLT SUVs showed subclinical haemopoietic settling and proliferation in organs
5 days after HSC infusion, in stark contrast to clinical neutrophil recovery, which can take
28 days or longer. Increases in 18F-FLT uptake over time did not reflect alterations in liver
metabolism; uptake in non-proliferating tissues (eg, fat) was unchanged. Dynamic imaging
done in single fields of view captured SUV increases over time in specific organ spaces and
showed a rapid fall-off of concentrations in blood vessels as the unbound circulating agent
was cleared by the renal system. This finding confirms cell proliferation in haemopoietic
organs (ie, medullary spaces, liver, and spleen) after HSCT. There was minimal variation in
bone-marrow uptake at early timepoints (ie, days 5-12), which suggests that early bone-
marrow proliferation occurs at a similar rate in patients after HSCT. The iliac crest (the
standard-of-care site for bone-marrow biopsy) is one of the later sites of bone-marrow
settling, which suggests that other less accessible sites might better indicate early
engraftment.

The intensity of 18F-FLT uptake was associated with pace of engraftment, with a clinically
meaningful difference seen in the time remaining for early compared with late recovery (8
vs 14 days) by the median SUV threshold of 1.4. More patients with early engraftment had
received PBSC grafts, which are known to clinically engraft more rapidly than bone-marrow
grafts. However, 18F-FLT classified patients who engrafted faster than expected irrespective
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of donor source.13 18F-FLT, therefore, can show the presence and pace of subclinical
engraftment and might serve as a biomarker of haemopoietic recovery.

18F_FLT imaging revealed a consistent and previously unknown pattern of sequential organ
uptake after HSCT in human beings, trafficking first to the liver and spleen, then the thoracic
spine, and follwed by the axial skeleton and, ultimately, the distal extremities, reclaiming
areas that are normally dormant in healthy adults. Clinical convention has suggested that
donor HSCs travel directly to the bone-marrow spaces after HSCT, but the pattern could not
previously be assessed objectively in human beings.141% In rodents the mechanism of
engraftment has been long established, with studies showing a milieu conducive to HSC
survival in the liver and spleen early after HSCT,16 but this engraftment pattern was
presumed to be distinct from that in human beings despite a similar upregulation of cytokine
and chemokines after HSCT preparative regimens.1”18 Our data suggest that human HSCs
take the same path of engraftment as is seen in mice, which mirrors human fetal ontogeny
(figure 4).16.19-21 Consistent with this mechanism, 18F-FLT imaging 1 year after HSCT
revealed that haemopoiesis in the extremities had diminished, which was presumably due to
a return to the normal dormant state in human adults. This conclusion is supported by the
evidence of subclinical migration of HSCs to liver and splenic tissues before clinical
engraftment, as shown in the autopsy tissues of sex-mismatched HSCT recipients.

Persistent increased uptake of 18F-FLT was seen 1 year after allogeneic HSCT, with SUVs
being around three times higher than those in normal controls.22 Although similar findings
have been shown with 18F-FDG in recipients of autologous HSCT, long-term follow-up
imaging with either 18F-FLT or 18F-FDG after allogeneic HSCT has not been studied.23

Our findings suggest that 18F-FLT could be useful to assess subclinical engraftment in
populations at the highest risk of non-engraftment, including recipients of cord-blood
transplants in which cell doses might be inadequate to recover haemopoiesis.24:25 We were,
however, unable to assess this theory in our study because no patients had graft failure, and
the need to prove safety for an investigational agent in allogeneic HSCT recipients precluded
assessment for this purpose. 18F-FLT imaging might also be useful to visualise subclinical
engraftment in studies in which major mismatches or minimum cell doses adversely affect
engraftement.26:27

Limitations of this work include that it was a pilot study with a small population and,
although patients were accrued at two sites, imaging was done at one site. The ability to
confirm imaging findings by invasive methods was constrained by ethical considerations.
Furthermore, although our data suggest that the liver is a site of HSC migration, 18F-FLT is
trapped in the liver by glucuronidation® and, therefore, future studies are needed to confirm
this finding. Additionally, the 18F-FLT SUV threshold of 1.4 we applied was obtained in our
limited dataset and should also be confirmed in a larger cohort and other transplant settings.
Given how well 18F-FLT was tolerated, we contend that assessments could be extended to
patients at high risk of graft failure, such as those receiving alternative donor sources. An
important strength of this study is that our imaging method can be used at most major
centres that have PET/CT capabilities.
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We have shown a novel way to visualise and assess subclinical haemopoietic engraftment
with 18F-FLT imaging, suggesting that 18F-FLT could be used as a biomarker of
haemopoiesis. 18F-FLT imaging enabled safe, comprehensive, and non-invasive assessment
of the entire bone-marrow compartment and showed the pattern of cellular recovery in adults
after transplantation of bone-marrow or PBSC HSCT. Our data will be useful for preclinical
and clinical investigations of radiation exposure effects, diagnosis and treatment responses
of primary bone-marrow disorders, and loss of bone-marrow function (ie, aplastic anaemia
or graft failure).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

No method is approved to assess subclinical haemopoiesis after haemopoietic stem-cell
transplantation (HSCT) because of the risk of infection associated with invasive biopsy
during pancytopenia and poor specificity of 18F-fluorodeoxyglucose imaging to
interrogate the bone-marrow space. We searched MEDLINE on Oct 1, 2017, with the
search terms “18F-FLT” and “marrow”, unrestricted by date or language. We found no
clinical trials of 18F-fluorothymidine (18F-FLT) imaging in the context of allogeneic
HSCT. Among the 50 studies retrieved, 23 used 18F-FLT to assess tumours (only one in
leukaemia), six assessed the toxic effects of 18F-FLT, two studied biodistribution, and two
investigated chemical properties. The remaining 19 studies involved the bone-marrow
compartment: two were reviews, four were animal studies (one of which was authored by
our group, showed that 18F-FLT could identify subclinical engraftment after HSCT, and
formed the basis for this clinical study), and 13 assessed bone-marrow function in human
beings, but only six of these were published before we started this trial. Of these six
publications, three (one published by our group) assessed the effect of radiation exposure
on bone-marrow proliferation, five studied imaging of aplastic anaemia, and one

used 18F-FLT to assess the proliferation of bone marrow more than 6 months after
autologous HSCT. Among the seven clinical studies published after this study started,
none studied 18F-FLT in the context of allogeneic HSCT or used this radioisotope to map
early events after HSCT.

Added value of this study

To our knowledge, this is the first study to use 18F-FLT in the context of allogeneic
HSCT. We found that simultaneous 18F-FLT PET and CT was safe and could reveal
engraftment early after HSCT, in time to permit expeditious second HSCT.
Furthermore, 18F-FLT imaging could show HSC trafficking in vivo and revealed a
previously unknown pattern of engraftment that mirrors fetal ontogeny.

Implications of all the available evidence

18F_FLT enables objective assessment of important biological processes related to
haemopoiesis. Use of this radioisotope has the potential to answer questions about altered
haemopoiesis in the context of high proliferative or infiltrative states (eg, leukaemia and
after immunotherapy), absent haemopoiesis (eg, aplastic anaemia or medication toxicity),
or autoimmune attack of bone-marrow production.
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Figure 1. Imaging of osseous sites after HSCT
(A) Representative 18F-FLT and 18F-FDG images done 28 days after HSCT. (B)

Representative 18F-FLT images in the sagittal plane 1 day before and on days 5, 9, and 28
after HSCT. The images for 1 day before and 9 and 28 days after HSCT are from one patient
(who received PBSCs) and the image for day 5 is from a different patient (who received
bone-marrow stem cells) because patients did not undergo imaging on days 5 and 9. The
arrows highlight the increased uptake in thoracic spine on day 5 after HSCT. The day 28
image is a maximum intensity projection to permit views of the extremities and full spine
simultaneously; all images are scaled equally. (C) Mapping of osseous recovery by
comparison of mean (SE) slopes of median SUVs in 15 patients imaged on days 5-6 and
five imaged on days 9-12. In all patients slopes were lower for the cervical, lumbar, and
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pelvic bones, the sternum, and the extremities than for the thoracic spine (pgeng<0.0001).
The mean of the slopes on days 5-12 to day 28 after HSCT was consistently greater than
that for the slopes from 1 day before to 5-12 days after HSCT: thorax p=0.0324; cervical,
lumbar, and pelvic bones p=0.0094; sternum p=0.0023; and extremities p=0.0012. (D) The
median thoracic SUV increased significantly from 1 day before to 28 days after HSCT
(p<0.0001, n=18). (E) Association between SUV and time to engraftment. The time
between 18F-FLT imaging and clinical engraftment was longer if the median was <1.4
(p=0.0075) and shorter if the median thoracic SUV was =1.4. Data are medians with 25th
and 75th percentiles. HSCT=haemopoietic stem-cell transplantation. 18F-FLT=18F-
fluorothymidine. 18F-FDG=18F-fluorodeoxyglucose. SUV=standardised uptake value.
PBSC=peripheral blood stem cells.
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Figure 2. Changes in B pLT uptake over time
(A) Representative time activity curves for medullary space, blood, liver, and spleen

obtained by dynamic 18F-FLT imaging in one patient. By day 28 after HSCT, bone-marrow
uptake of 18F-FLT had exceeded background circulation in peripheral blood. (B) Uptake

I
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of 18F-FLT in thoracic bone-marrow increased significantly over time across all timepoints

(Ptrend<0.0001) and between 1 day before and 28 days after HSCT (p=0.002) and between 5

FLT=18F-fluorothymidine. 'HSCT=haemopoietic stem-cell transplantation.
SUVbws=standardised uptake value by bodyweight. PBSC=peripheral blood stem cells.

Lancet Haematol. Author manuscript; available in PMC 2019 January 01.

and 28 days after HSCT (p=0.0049). Data are medians with 25th and 75th percentiles. 18F-

T
40:00.00



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Williams et al.

Page 16

'!!‘ll “'!!l

- @

Day-1 Day +5 Day +9 Day +28 +1year
B

Liver Spleen Thorax
16- — Day5-6(n=15) =

— Day 9-12 (n=5)

Median of mean SUV
o0
1
1

Time peri-transplant (days)

3-89 < Bone marrow stem cells n=4

n=10
O PBSC
344 (=]
o
30
2.6
n=7

n=12
. o
% 40
-0-2

-0-6

B R R
o & 0 W
1 1 1 I

ptake in spleen (Ki)

u

=

o
1

o
r
1

-1-0 T T T 1
1 5-6 9-12 28

Tirne peri-transplant (days)

Figure 3. Pattern of haemopoietic engraftment over time after HSCT
(A) Representative maximum intensity projection 18F-FLT images from the posterior

coronal view 1 day before and 5, 9, and 28 days and 1 year after HSCT. (B) Comparison of
mean (SE) slopes of median SUVs for liver, spleen, and thorax in 20 patients. The slopes
between 1 day before and 5-12 days after HSCT were lower for the spleen and liver than for
the thorax (pireng=0.0005). In the liver, the average slope from 1 day before to 5-12 days
after HSCT was greater than that from days 5-12 to day 28 after HSCT (p=0.0095), and
with the early timepoint showed a plateau after days 5-6. (C) The rate of uptake of 18F-FLT
in the spleen was significantly altered over time across all timepoints (pireng=0.0088). Data
are medians with 25th and 75th percentiles. 18F-FLT=18F-fluorothymidine.
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HSCT=haemopoietic stem-cell transplantation. SUV=standardised uptake value.
PBSC=peripheral blood stem cells.
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Figure 4. Comparison of patterns of engraftment after HSCT and in fetal ontogeny
(A) Pattern of fetal ontogeny. (B) Means (SEs) of median SUVs for each organ, based on

data from 21 HSCT recipients imaged with 18F-fluorothymidine, and (C) pattern of HSC
engraftment in these patients. Because the sternum overlies the thoracic spaces, only the
upper one-third is coloured and the thoracic vertebral bodies are shown in the position of the
lower two-thirds. Splenic uptake reflected secondary lymphoid expansion after day 28 and,

Lancet Haematol. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Williams et al.

therefore, these data were included only up to day 28. HSCT=haemopoietic stem-cell
transplantation. SUV=standardised uptake value.
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Characteristics of recipients, indications for transplantation, and donor characteristics

Table

Data (n=23)

Recipients’ characteristics

Age (years) 33.7 (26.9-39.4)
Sex
Women 13 (57%)
Men 10 (43%)
Ethnicity
Hispanic 17 (74%)
Non-Hispanic white 2 (9%)
African American black 2 (9%)
Asian 1 (4%)
Native American 1 (4%)
Indications for transplantation
Acute lymphocytic leukaemia, B cell
Ph positive CR1 3 (13%)
CR1, MLL positive 1 (4%)
CR2, Ph positive (p190+) 2 (9%)
CR2, Ph negative 1 (4%)
CR3, Ph negative 1 (4%)
Ambiguous leukaemia CR2 1 (4%)
Acute myeloid leukaemia
CR1 1(4%)
CR1, FLT3mutation, ITD 1 (4%)
CR1, secondary 1 (4%)
CR2 5 (22%)
CR3 (chronic myeloid leukaemia) 1 (4%)
Refractory 3 (13%)
Myelodysplastic syndrome or acute myeloid leukaemia refractory 1 (4%)
Chronic myeloid leukaemia 1 (4%)

Donor characteristics

Age (years)

Related donors
8/8-matched HSCs
7/8-matched HSCs

Unrelated donors
8/8-matched HSCs
7/8-matched HSCs
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17 (74%)
1 (4%)

4 (17%)
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Data (n=23)
Stem-cell source
Bone marrow 11 (48%)
Peripheral blood 12 (52%)
CD34 stem-cell dose (x 106 cells per kg) 4.3(3.1-5.1)

Data are median (IQR) or number of patients (%). Ph=Philadelphia chromosome (BCR-ABL fusion gene). CR=complete remission. MLL=mixed-
lineage leukaemia. ITD=internal tandem duplication. HSCs=haemopoietic stem cells.
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