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Allogeneic hematopoietic cell transplantation is the only curative option for many patients
with acute myeloid leukemia (AML). In the current study, we designed and implemented
a personalized assay, called v96, incorporating up to 96 mutations in 30 AML patients
undergoing transplantation. The assay was performed on DNA derived from cells isolated
from the bone marrow as well as in cell-free plasma. All 30 (100%) of patients harbored
molecular evidence of residual leukemia during remission that was detectable by the v96
assay, while only 6 (20%) had evidence of disease as assessed by conventional clinical
assays. Furthermore, cell-free DNA from plasma proved to be more sensitive than DNA
from cells of the bone marrow for identifying residual leukemia. The median number of
mutants was 352-fold higher in plasma taken prior to transplantation for patients who
relapsed compared to those who did not relapse. At 2 mo posttransplantation, 27 of the
30 patients still harbored detectable leukemia as assessed by the v96 assay. Twenty-two of
these patients had a subsequent decrease in leukemic burden assessed by the v96 assay. In
the majority of them (20 of 22 patients), the decrease occurred only after immunosuppres-
sion was discontinued, supporting a graft-versus-leukemia effect. These results document
the feasibility of using a relatively large panel of carefully chosen mutations and a highly
specific assay as noninvasive markers of therapeutic response in AML patients, minimizing
the need for multiple bone marrow biopsies.

ctDNA | measurable residual disease | acute myeloid leukemia

Allogeneic hematopoietic cell transplantation (hereinafter denoted “transplantation”) is rou-
tinely used to treat patients with acute myeloid leukemia (AML). It is offered with curative
intent for most medically fit patients with intermediate- and poor-risk disease, which com-
prise the majority of patients with AML (1, 2). Prior to transplantation, conditioning chemo-
radiotherapy is administered both to reduce the tumor burden and to prevent graft rejection,
and the subsequent transplantation provides donor-derived immune cells to eliminate host
leukemia cells (the graft-versus-leukemia effect, GvL) (3). Quantification of the effects of
these therapeutic modalities has been hampered by the lack of broadly applicable assays to
track low levels of measurable residual disease (MRD) in AML patients. The presence of
MRD at the time of complete remission (CR) is associated with an increased probability of
relapse after transplantation (4, 5). Nevertheless, about 30% of patients who are MRD
negative using conventional assays eventually relapse after transplantation (6). MRD posi-
tivity after transplantation appears to be a more accurate prognosticator of relapse (7). Thus,
dynamic MRD monitoring after transplantation is an attractive strategy for early detection
of impending relapse. However, this requires frequent bone marrow aspiration, a painful
and invasive procedure, limiting the frequency at which assessments can be performed.

In addition to classical histopathological review and flow cytometry, DNA can be
purified from bone marrow. Such DNA has enabled sequencing-based assays for driver
gene mutations in AML (8-11). Such assays are considerably more accurate than flow
cytometry, but can be limited by the low mutation burden following bone marrow and
the complex clonal diversity that is difficult to appreciate through evaluation of a small
number of driver gene mutations (8-10). It is also not known whether biopsy of a single
bone site is fully representative of the entire marrow. In the current study, we used a
personalized assay, termed v96, to assess up to 96 leukemia-specific mutations in cell-free
DNA from plasma. This assay can be performed as frequently as needed and without the
need for bone marrow biopsies.
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Significance

We report a blood test that tracks
up to 96 patient-specific
mutations and applied it to
patients with acute myeloid
leukemia (AML) who had
undergone bone marrow
transplantation. Using this test to
evaluate cell-free plasma DNA,
we found evidence of residual
leukemia cells both during
remission (prior to
transplantation) in all patients
and 2 mo following
transplantation in 90% of
patients. This test can mitigate
the need for invasive bone
marrow biopsies to follow
patients with leukemia.
Moreover, the test appears to be
more accurate than standard
assays for detecting residual
leukemia and has the potential to
guide the timing of
transplantation and subsequent
therapeutic measures, thereby
laying the foundation for future
prospective studies.
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Results

Patients. Thirty AML patients who underwent transplantation at
Johns Hopkins between November 2020 and January of 2022 were
included in this study (Materials and Methods). The median age of
the participants was 63 y (range 35 to 75 y; SI Appendix, Table S1).
Twenty-nine patients underwent nonmyeloablative conditioning,
while one patient underwent myeloablative conditioning (AML
129). Twenty, seven, and three of the 30 patients received their
transplant from haploidentical, mismatched unrelated, and fully
matched unrelated donors, respectively (SI Appendix, Table S1).
All patients received posttransplant cyclophosphamide-based graft-
versus-host disease prophylaxis (12, 13). Only six of the 30 patients
were MRD positive by clinical multiparameter flow cytometry (all
with <1% blasts). Baseline demographic and clinical characteristics
of these patients are shown in S/ Appendix, Table S1.

Identification and Assessment of Leukemia-Specific Mutations
Prior to Transplantation. An overview of the v96 assay is
depicted in Fig. 1. In brief, DNA was purified from peripheral
blood or bone marrow samples at diagnosis and at clinically
defined CR (87 Appendix, Table S2). Based on whole genome
sequencing of these DNA samples at a depth of 30 to 100-fold,
up to 96 candidate mutations in each patient were selected and
amplification primers designed for each of them. The primers
for each patient were combined into a single tube and evaluated
at high depth with an assay that can independently evaluate
mutations on both the Watson and Crick strands using duplex
sequencing. Candidate mutations that passed the criteria
described in Materials and Methods were considered bona fide and
hereinafter are dubbed “mutations.” A median of 63 mutations
(range: 12 to 96) per patient were thereby identified (S/ Appendix,
Table S2).
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CR was defined by standard clinical criteria including fewer than
5% blasts in the bone marrow, absence of circulating blasts, and
absence of extramedullary disease following blood count recovery
(14, 15). All 30 patients were in CR when transplanted as assessed
by these clinical criteria. When cells from blood or bone marrow
were assessed by flow cytometry at this time, only 20% (6 of 30) of
the patients had detectable leukemic disease. In contrast, when DNA
from the same cells was assessed by the v96 assay, 100% of the
patients had evidence of residual leukemia (examples in Fig. 2; all
data recorded in ST Appendix, Figs. S1 and S2 and Tables S1 and S2).
The median number of mutant DNA molecules at CR was 281 per
patient (range: 1 to 6,756; SI Appendix, Fig. S1 and Table S2). In 21
of the 30 patients, plasma cfDNA was available after CR was
obtained at 7 d prior to transplantation. In 100% of these patients
(i.e., all 21 patients), evidence of residual leukemia was observed
using the v96 assay in these plasma samples (S Appendix, Figs. S1
and S2 and Table S2). The median number of mutant DNA mole-
cules 7 d prior to transplantation in plasma was 264 per patient

(range: 1 to 84,066; SI Appendix, Table S2).

Identification and Assessment of Leukemia-Specific Mutations
Following Transplantation. Two months following transplantation,
evidence for residual leukemia could still be detected in cell-free
DNA from the plasma of 27 of the 30 patients using the v96 assay
(examples in Fig. 2 and all data reported in S7 Appendix, Figs. S1
and S2 and Tables S1 and S2). These 27 patients included the
single patient in our study that received myeloablative conditioning
prior to transplantation (AML 129); all other patients received
nonmyeloablative conditioning. The transplantation process
resulted in a median decrease of 98% in mutant molecules when
the number of mutant molecules found 2 mo after transplantation
was compared to the number of mutant molecules 7 d prior to

transplantation (S Appendix, Figs. S1 and S2 and Table S2).
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Fig. 1. Overview of study design and the v96 assay. For each patient, whole genome sequencing was performed on DNA from bone marrow or peripheral
blood at diagnosis and at complete remission (S/ Appendix, Table S2). Up to 96 mutations present at high clonal fraction in the diagnostic leukemia samples but
absent or present at very low clonal fraction in the complete remission sample were subsequently selected for each patient. Primers allowing the amplification
of each of the selected mutations were designed and combined into a single tube for each patient. PCR-amplification with these primers was then performed
on cellular DNA or from cell-free plasma DNA collected at various time points before and after bone marrow transplantation. A mutation was scored as positive
only if it was present in both the Watson and Crick strands of the same DNA molecule. PBMCs = peripheral blood mononuclear cells. BMMCs = bone marrow

mononuclear cells.
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Fig. 2. Number of mutant molecules and fraction of mutations detected before and after transplantation for four representative patients (A-D). Plots of
number of mutant molecules detected at diagnosis (D), complete remission (R), and at other time points for four representative patients. For each patient,
150 ng of bone marrow or peripheral blood cell DNA (S/ Appendix, Table S2) was assayed by v96 for timepoints D and R, while cell-free DNA from 10 mL of
plasma was assayed by v96 for the other time points. The x-axis represents the days relative to transplantation for these timepoints, with transplantation
performed at day 0. Colored regions represent intervals during which immunosuppression was administered. The panels on the left represent the number of
mutant molecules detected by the v96 assay. The panels on the right represent the fraction of distinct mutations found in these samples. These fractions were
normalized to the number of distinct mutations detected at diagnosis (always 100%). For example, if a patient had 80 distinct mutations detected at diagnosis,
and 40 of those mutations were detected at remission, the fraction on the y-axis for the remission sample would be 50%.

Circulating DNA has a half-life of only ~1 h (16), so the pres-
ence of leukemia-specific mutations in plasma 2 or 3 mo after
transplantation provided evidence that leukemia cells were still
present in the patient. The presence of even one mutant DNA
molecule in 10 mL of plasma suggests that a minimum of 3,000
leukemia cells were shedding DNA into the circulation each day
(Materials and Methods). In 22 of the 27 patients with residual

PNAS 2026 Vol.123 No.16 2537987123

leukemia at 2 mo posttransplant, the leukemia cells decreased over
time (87 Appendix, Figs. S1 and S2 and Tables S1 and S2). In 13
of these 22 patients, no therapeutic agents were delivered post-
transplant (S Appendix, Table S1). In 12 of these 13 patients,
further decreases in mutant DNA molecules were observed only
after inmunosuppressive agents for GVHD prophylaxis were dis-
continued (87 Appendix, Table S1). For example, in AML 134,

https://doi.org/10.1073/pnas.2537987123 3 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials

Downloaded from https://www.pnas.org by 76.169.233.153 on July 3, 2026 from |P address 76.169.233.153.

4 of 10

the number of mutant DNA molecules at 3 mo following trans-
plantation was 5041, and this number decreased by 1,000-fold
(to three mutant DNA molecules) 3 mo later (the 6-mo time point
in Fig. 24). Another example was provided by AML 125, in whom
29 mutant DNA molecules were detected 2 mo after transplan-
tation, but no mutant DNA molecules were detected a month
later (at the 3-mo time point in Fig. 2B). Similar decreases were
identified in other patients, such as AML 128 (Fig. 2C) and AML
131 (Fig. 2D).

Relapse. As noted above, plasma was available 7 d prior to
transplantation in 21 patients. The median number of mutant
DNA molecules in plasma 7 d prior to transplantation was
significantly higher in the four patients who relapsed compared to
the 17 patients who did not relapse after transplantation (36,305
versus 103; a difference of 352-fold; SI Appendix, Table S2). All
four patients who relapsed had >4,000 mutant DNA molecules
in plasma 7 d prior to transplantation, while only 2 of the 17
patients who did not relapse had this high level of mutant DNA
molecules (P = 0.0025, Fisher’s Exact Test).

Plasma was available in all 30 patients at the 2-mo time point.
None of the three patients without detectable mutant DNA mol-
ecules in their plasma 2 mo after transplantation have relapsed (at
follow-ups of 943, 1,007, and 1,048 d posttransplant; S/ Appendix,
Tables S1 and S2). However, this low rate of relapse was not sig-
nificantly different than in the 27 patients with detectable mutant
DNA molecules; 7 of these 27 patients relapsed (P = 1.000,
Fisher’s Exact Test; SI Appendix, Tables S1 and S2).

In 22 patients, mutant DNA molecules decreased following the
2-mo time point. With a median follow-up of 924 d (range 162
to 1,622 d), only two of these 22 patients relapsed (S/ Appendix,
Tables S1 and S2). In contrast, all five patients in whom no
decrease in mutant DNA molecules was observed after the 2-mo
time point relapsed (2= 0.0003, Fisher’s Exact Test; SI Appendix,
Tables S1 and S2). In the seven patients who relapsed (AML 130,
131, 132, 133, 134, 236, and 247), the increase in mutant mol-
ecules preceded clinical relapse by an average of 123 d (Range 0
to 511 d; S Appendix, Figs. S1 and S2).

Comparison of DNA from Bone Marrow with That of Plasma.
DNA was available from the bone marrow as well as plasma
in 15 patients during remission and prior to transplantation.
These patients had a total of 643 detectable mutations in either
plasma or bone marrow (Fig. 34 and S/ Appendix, Table S3). The
fraction of mutant molecules was substantially higher in DNA
from the plasma compared to that from the bone marrow in most
cases (average MAF 2.9% versus 0.42%; P < 0.0001, two-tailed
paired Student’s ¢ test; Fig. 34 and ST Appendix, Table S3). Part
of the increase in mutations observed in the plasma at remission
might have been due to the fact that these plasma samples were
collected 7 d prior to transplantation, while the remission
bone marrow samples were collected earlier, at the time CR
was clinically achieved (median interval between bone marrow
and plasma sampling of 92 d, range 9 to 198 d, SI Appendix,
Table S3). However, DNA samples from both plasma and bone
marrow were available at the same time point, 3 mo following
transplantation, in a different, but overlapping set of 15 patients.
Three of these 15 patients had no mutations detected at this time
in either the bone marrow or plasma DNA, but the other 12 had
a total of 223 detectable mutations in either the plasma or bone
marrow (Fig. 3B and ST Appendix, Table S3). As with the samples

prior to transplantation, the fraction of mutant molecules was

https://doi.org/10.1073/pnas.2537987123

higher in DNA from the plasma compared to that from the
marrow (average 0.056% versus 0.005%; P < 0.0001, two-tailed
paired Student’s # test). At the 3-mo time point, three patients
(AML 123, 129, and 241) were found to have mutations in
their plasma (totaling 10 distinct mutations) but not in their
bone marrow, while one patient (AML 131) was found to have
a single mutant molecule in their bone marrow but no mutant
molecules in their plasma.

The v96 Assay Versus Driver Gene Mutation Assays. Driver
gene mutations are defined as those conferring a selective growth
advantage to the leukemia cells (9). The v96 assay focuses on
passenger gene mutations rather than driver gene mutations
because the algorithms used to select mutations eliminate those
that have higher artifactual background rates (such as certain
transition mutations, which are reasonably common among driver
gene mutations and can lead to false positive results). Accordingly,
most of the mutations (1,770 of 1,790, 99.4%) assessed with the
v96 assay were passengers—i.c., markers of the major leukemia
clone(s) at diagnostic presentation rather than functionally
important genes. However, though not used for assessing MRD,
we also evaluated all known driver gene mutations identified
in these patients using whole genome sequencing or targeted
sequencing at every time point in every patient (Materials and
Methods and SI Appendix, Table S4).

To track driver gene mutations not included in v96 assays,
we used the same basic technology employed in v96—SaferSeqS,
which evaluates both strands of DNA to achieve high sensitivity
and technical specificity (<5 x 107 background mutations per
bp) (17). One to four driver gene mutations were identified in
each patient, and personalized SaferSeqS assays were designed
for each of them (87 Appendix, Table S4). Major differences
were observed between the results of the v96 assays and the
driver gene mutation assays. In the samples drawn 7 d prior to
transplantation (month 0), all 21 patients evaluated (100%)
showed evidence of residual leukemia cells with the v96 assay,
while a driver gene mutation was detected in only 10 of the 21
patients (48%; Figs. 44 and 5 and SI Appendix, Table S2). The
median number of mutant molecules detected in the v96 assay
was 264, compared to zero in the driver gene mutation assay
(Figs. 44 and 5 and ST Appendix, Table S2). A total of 183,017
mutant molecules were detected in the 21 patients with the
v96 assay, compared to 8,887 mutant molecules in the driver
gene mutation assay—a difference of 20.6-fold (SI Appendix,
Table S2). Of note, two of the five patients who relapsed (AML
130 and 247) had no driver mutations detected at clinical
remission prior to transplantation, while the v96 assay detected
high numbers or mutations (6,756 and 11 mutant molecules,
respectively).

Similarly significant differences between the assays of passengers
versus drivers were observed at all time points assessed. At the
2-mo time point following transplantation, 27 of the 30 patients
(90%) had evidence of residual leukemia in the v96 assay, while
only 15 of the 30 patients (50%) had evidence of driver gene
mutations (Figs. 4B and 5 and SI Appendix, Table S2). This dif-
ference was also reflected in the number of mutant molecules
detected (Figs. 4B and 5). The 3-mo, 6-mo, and 12-mo posttrans-
plantation timepoints also showed major differences between v96
and the driver gene mutation assays, though as the leukemia cells
were eradicated, the number of mutations in the v96 assay con-
cordantly decreased (Fig. 5 and ST Appendix, Table S2). Importantly,

at no time point in any patient was a driver gene mutation detected

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials

Downloaded from https://www.pnas.org by 76.169.233.153 on July 3, 2026 from |P address 76.169.233.153.

A AML 121 AML 124 AML 126 AML 129 AML 130
109 o 0.10 0.03 20
0.05 °
[ ]
8- . 004 0.08- .o I .
T 6 0.06-] 0029
E 0.03 10-
. T . LI .

S 4 . 0.02 . 0.04 0.01 :
24 0.01 — 0.02- 5
o——ii 0.00 0.00- 0.00- o——i—ql

PLS BM PLS BM PLS BM PLS BM
AML 132 AML 134 AML 239 AML 240 06 AML 241
o 7
' [ ] L]
PO 604 N . 0.08-

- 0.4

S . 0.06- .

w 204 40 24 .

g ”»> 004 ¢ ° .

L] T : 0.2 -
10 % . 20 1 0.024
+ [ ]
n——f-—'#— [ —— - 0 0.00-! 0.0-
PLS BM PLS BM

PLS BM PLS BM PLS

AML 245

AML 246

4
0.10

]
w
1
een oo

0.05+

AML 248

[ ]
]
0.10-
3 :
-~ 0.05+
. [ 0.05-
. 14
| = 4 _é_.,_
0.0- 0.00- 0- 0.00- 0.00-
PLS BM PLS BM PLS BM

PLS

AML 250 AML 251

0.154
0.104

AML 121 AML 122 AML 123 AML 129 AML 130 AML 131
0.020 0.15+ 0.8+ -
0.015- . 064 o 0.0129 ¢ 0154 @ 0.08
— 0.10
g 0.009- 0.06
L 0.010-] 0.4 i 0104 o
g 0.006-1 3 o4
0.05- .
0.005- 0.2 0.0034 0.05 0.024
(] [ ]
0.000- 0.00- 0.01—=e 0.000-————eepee— 0.00- 0.00-—p—7—
PLS BM PLS BM PLS BM PLS BM PLS BM
AML 235 AML 238 AML 241 AML 245 AML 248 AML 251
0.010 0.03 - 0.020-
. L4 °
- [ ]
016 ° 0.15 0.008 0.3 0.015- ‘
= = 0.02 s -
S S 0.006]
i 0.10 i 0.10 . 0.2 0.010-
0.004-]
= = 0.01 .
0.05- 0.054 0,002 o 0.1 0.005-
. 3 %
o.on—i—‘ﬁ— 0.00 — = 0.000 T : 0.00 ! ! 00— b o.ooo——y—QL—
PLS BM PLS BM PLS BM PLS BM PLS BM PLS BM

Fig. 3. Mutant allele frequency of mutations identified in matched bone marrow and plasma samples. Eight hundred and sixty-six mutations were positive in
either the bone marrow or plasma sample in 15 patients during remission prior to transplantation (A), or in 12 patients at month 3 posttransplantation (B). For
those patients, the mutant allele frequencies (MAFs), defined as the ratio of mutant molecules to the total numbers of molecules evaluated in the sample, are

plotted. Blue bars represent +SD.

in a sample when the corresponding v96 assay was negative, with
one exception: At the 3-mo time point for AML 131, one mutant
molecule was detected in a driver gene (JAK2 p.V617F), while
none was detected with v96 (81 Appendix, Table S2). This particu-
lar mutation was also positive in a healthy plasma control, poten-
tially indicating a high background at this position (Materials and
Methods) or an underdiagnosed myeloproliferative condition

PNAS 2026 Vol.123 No.16 2537987123

(Materials and Methods). To ensure high specificity, this mutation
was excluded from the v96 panel.

The relatively high number of mutations tracked by v96 allowed
detection of clonal heterogeneity, represented by the presence of
multiple clones. We used a simple method to infer the presence
of multiple clones. We inferred that more than one clone was
present if a subset of mutations had very similar mutant allele
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Fig. 4. Number of mutant molecules in plasma detected through v96 or through analysis of driver mutations for each patient. Plotted are the total
number of mutant molecules detected with the mutations assayed by v96 or with driver gene mutations when assayed during remission (7 d prior to
transplantation; A) or at 2 mo following transplantation (B). In all cases, the DNA from 10 mL of cell-free plasma was assessed. Plasma samples were
available in 21 patients at 7 d prior to transplantation and in all 30 patients at 2 mo following transplantation. Three of the 30 patients (AML 123, 124, and
126) had no detectable mutant molecules in plasma in either the mutations assessed by v96 or in driver gene mutations at 2 mo following transplantation
and are not depicted in this figure, but the corresponding values are included in S/ Appendix, Figs. S1 and S2 and Table S2.

fractions and another subset of mutations had markedly different ~ mutation found at diagnosis was sometimes not present in the
mutant allele fractions. Examples of the presence of multiple  clone that drove relapse, such as in patient AML 132. In this
clones are shown in Fig. 6. Notably, the original driver gene  patient, a 7P53 p.K120E mutation was found at diagnosis and

6 of 10  https://doi.org/10.1073/pnas.2537987123 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2537987123#supplementary-materials

Downloaded from https://www.pnas.org by 76.169.233.153 on July 3, 2026 from |P address 76.169.233.153.

8 100000 ° - ® V96 e Drivers
© 3 10000 ® ° °
£ 1000 . . e
c £ 100 ° ® L b4 ° ° e ° ° &

O € 10 . o * ® ° o
= 1 ° ° °
= o] [ ] & [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] ® [ ]
* \::"bl \::5\ \:{5“» \/q'b(% \/,fo" > \/q’b?) \:pr \/db \:39 \/q(?Q \(i\ \:{{J, \/,\qf’ q"‘? < \/{Lb‘\ \/'{fb \fq’hﬁ \/(ﬁ A

R I G A R
& 100000
N3 H0000{ 4 o
<2 1000 o o
=0 ® o o o o
cE 1007 o ® © o ¢ 0 o o o
g 10 v g @0 ® %0 e e
S 1 . » - o Y O® o g%
§ [} ( ] ( ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] e 00 00 oo
* D WO D W D D X o O A Y S L o D N A N o A S N N b o o ® D > O
ST T ST ST TS S ST 8 T ST T T ST ST ST
Ty f @l @ g R R @@ @@ @ d @ @ @ @ g
£ 100000
73 q0000{ © o
S35 1000 e o
cE 10 e ° & e & .
- @ 2
§ g 1(1) = o > A I I L
é [0} (] [ ] (] o [ ] [ ] [ ] (] [ ] (] (] (] [ ] ® 00 00 00 oo
* S P R P \/\,.,;1, B N U N N AU A 4 \:(5\ \/\'1? \:3?3 &P
R I A g
£ 100000{ ©
= [}
zg 10000{ ® .
- 1000 ° ° ®
T2 100 ® ° o o -
O € 10 e o o
= £ 1 e = ° ° ©e®* ® ° 4 o 0 o o
s [} [ ] [ ] ([ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] o 00 00 09 60 o9
" SO FF SR PSP PP ISP PSP T DI PP
R O
o & 100000
g 10000
=2 1000
e g0 * °
6z 10 o °* o .
s £ 1 ® ° L L ® ° ° ° ® ®
= [0} [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ X ] (X ] [ X ] [ X ] ( X ] [ X ] [ X ] [ X ] [ X ]
* \/rb&b \:\rb \/!’[,b‘% \/r{}?3 \/\(19 \/'\rbbl \:{{P \:@% \,’):bq \:3:\ \:{'b% \:ng’ V’Lb(b( \935\ \:0:\ \4& \::bb( \:33) \:\p& \:Lb\e \/‘]?\ \/‘],@ \/rf}’Q
R I R

Fig. 5. Number of mutant molecules in plasma detected through v96 or through analysis of driver gene mutations at each time point. Each panel represents a
timepoint [month O (i.e., 7 d prior to transplantation), or 2, 3, 6, or 12 posttransplantation]. Blue dots represent the number of mutant molecules detected when
assessed with the mutations incorporated into v96. Red dots represent the number of mutant molecules detected when only driver mutations were assessed
with the same duplex-sequencing assay used for v96 (see main text). In all cases, the DNA from 10 mL of cell-free plasma was assessed.

during CR, but was eradicated thereafter, even though the patient
relapsed through the expansion of a different clone.

Discussion
Five conclusions can be derived from the results of this study:

i. 100% of patients in complete clinical remission prior to trans-
plantation had evidence of leukemia when a highly sensitive and

specific assay for the disease was applied (S7 Appendix, Table S2).

ii. Leukemic cells were still detectable in 90% of patients 2 mo
after transplantation.

iii. Further decreases in leukemic cell burden occurred after
immunosuppression was discontinued, presumably due to
GvL (81 Appendix, Table S2).

iv. Plasma provided a more informative and less invasive source
of DNA for the analysis of residual leukemia cells than bone
marrow (Fig. 3).

v. An assay that tracked multiple mutations, such as v96, was
more informative than an assay for driver gene mutations

(Figs. 4 and 5).

Modern techniques for detecting MRD include flow cytometry,
as well as molecular genetic assays largely focused on driver gene
mutations (11, 18-24). Of note, 4/ the patients in the current
study had easily detectable mutations at CR using v96, although
only 6 of the 30 patients had flow cytometric evidence of MRD.

PNAS 2026 Vol.123 No.16 2537987123

Moreover, as detailed in SI Appendix, Table S2, only 19 of the 30
patients had a detectable driver mutation during CR with the
highly sensitive SaferSeqS assay, the same assay used for the muta-
tions assessed by v96 (17). The observation that the v96 assay is
more informative than a state-of-the-art assay for driver gene
mutations (Figs. 4 and 5) likely reflects the fact that the median
number of distinct mutations assessed with v96 was 63, while the
median number of driver gene mutations assessed was 2. This
32-fold difference in the number of mutations tracked is similar
to the magnitude of the increased number of mutant molecules
detected by the v96 assay compared to the driver gene mutation
assay (21-fold, Fig. 4). It is important to point out that the pas-
senger mutations tracked by v96, though not mechanistically
responsible for the leukemia, are exquisitely specific to the leu-
kemia cells by virtue of the way they were selected for analysis
(Materials and Methods). They were all found at high clonal frac-
tions in the leukemia cells present at diagnosis, indicating that
they were present in a clone that developed into leukemia.
Following transplantation, their identification indicates that a
clone which previously developed into leukemia was still present
in the patient. Whether that clone is considered a preleukemic
clone, or a clonal hematopoiesis clone (25-27), is a matter of
semantics. These mutations do not reflect clonal hematopoiesis of
indeterminate potential (CHIP). The mutations present in the
leukemia cells are far from indeterminate; they define the founder
cells that evolved to become an actual malignancy. The presence
of such clones presumably indicates a higher chance of subsequent
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cell DNA (S/ Appendix, Table S2) was assayed for timepoints D and R, while cell-free DNA from 10 mL of plasma was assayed for the other time points.

leukemic development, though the magnitude of this probability
is not yet known.

GuL is critical to the success of transplantation (3). However,
it has heretofore been challenging to quantify and discriminate
the effects of the conditioning regimen and immune-mediated
effects (such as GvL) on leukemia cell reduction. In 90% (27 of
30) of the patients in our study, evidence for residual leukemia
was found at 2 mo following transplantation, including one
patient (AML 129) who underwent a myeloablative conditioning
regimen. The reductions in leukemia burden assessed by v96 gen-
erally occurred only after immunosuppression was discontinued,
consistent with a GvL effect that was enhanced once the inhibitory
effect of immunosuppression was eliminated.

Our observation that plasma DNA is considerably more
informative than bone marrow DNA for the detection of residual

80f 10 https://doi.org/10.1073/pnas.2537987123

leukemia (Fig. 3) is important to patients because a plasma-based
assay offers a noninvasive option that allows more frequent mon-
itoring. This is particularly critical for patients with bone marrow
fibrosis for whom an aspiration is difficult to perform or for
patients with extramedullary disease. Our data are also consistent
with previous studies that assessed driver gene mutations and
found plasma DNA to be more informative than bone marrow
DNA (28-30). The ability to monitor plasma for residual disease
in leukemia patients should allow a more granular view of the
disease process through more frequent assessment of disease status
than is currently practicable with bone marrow.

Although these data are encouraging, our study has limitations.
In particular, more patients need to be assessed to validate the
clinical implications of the v96 assay, particularly with respect to
the probability of relapse when driver gene mutations are no longer
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detectable. If confirmed in larger cohorts, these data will have
other important clinical implications for improving disease control
for patients undergoing transplantation. The patients who relapsed
had more than an order of magnitude higher (352-fold) number
of mutant molecules during remission than the patients who did
not relapse. Approaches to reduce tumor burden prior to trans-
plantation, such as additional consolidation therapies or myelo-
ablative conditioning, could be considered in these patients to
optimize posttransplant outcome. There are emerging data that
both immunologic and molecular targeted therapies given as
maintenance after transplantation can cooperate with the GvL
effect to avert relapses (31-33). A sensitive noninvasive test that
quantifies leukemic burden through plasma analysis can be easily
integrated into routine follow-up to inform clinical decisions
regarding administration of these posttransplant maintenance
therapies.

Finally, several questions related to the data described in this paper
can now be asked and addressed, in future studies. What is the opti-
mum time to discontinue immunosuppressive agents following
transplantation? Any therapeutic effect, including those mediated
by targeted therapies or T-cells, is more likely to be curative when
administered to patients with less disease burden (34). Two months
is now the standard time to discontinue immunosuppression in the
absence of GvHD in many transplant centers, but this time may be
too short or too long, depending on the patient and the degree of
residual leukemia as well as the extent of GvHD. Similarly, when
should a transplantation be considered a failure, and when should
either a second transplantation or addition of another therapy such
as targeted therapy or donor lymphocyte infusions be instituted?
Longitudinal assessment of disease burdens through the evaluation
of plasma with assays such as v96 could inform decisions about
managing AML patients in the future.

Materials and Methods

Patients. All AML patients who underwent transplantation at Johns Hopkins
between November 2020 and January of 2022 were considered for participa-
tion in this study. Of them, we focused on those for whom the following samples
were available: either bone marrow or peripheral blood at diagnosis, either bone
marrow or peripheral blood at remission and prior to transplantation, and serial
plasma samples collected before and following transplantation. Thirty patients
from whom these samples were available for research purposes were included in
the study (S/Appendix, Table S2). In total, plasma was available at 7 d before trans-
plantation in 21 of 30 patients, 2 mo after transplantation in all 30 patients, 3 mo
aftertransplantation in 23 patients, 6 mo after transplantation in 27 patients, and
1yaftertransplantation in 22 patients. The study was approved by the Institutional
Review Board at The Johns Hopkins Medical Institutions. Written consent was
provided by all patients.

DNA Purification and Whole Genome Sequencing. DNA from bone marrow
or peripheral blood leukocytes at diagnosis and remission was acquired from
the Johns Hopkins Molecular Diagnostics Laboratory. Libraries were prepared
from this DNA after shearing through sonication as described previously (17),
with the following modifications. KAPA HiFi HotStart ReadyMix (Roche, Cat #
07958927001) was used to amplify the DNA following ligations using the fol-
lowing conditions: 98 °Cfor 45 s, followed by eight cycles of 98 °Cfor 155,60 °C
for30's,and 72 °Cfor 30 s. This produced ~200 copies of each starting template
molecule, which could be followed by the unique molecular barcode appended to
each template molecule. The amplified DNAwas purified using 1.8 x SPRI beads
and eluted in 100 pL EB buffer (Qiagen, Cat# 19086). After seven additional PCR
cycles used to add sequencing adapters to the libraries, whole genome sequenc-
ing was performed on an lllumina NovaSeq 6000 instrument or a Complete
GenomicsT7 instrument to a depth of ~30 to 100 as previously described (35).
FASTQ files were generated using lllumina’s bel2fastq or by Complete Genomic's
Ztron Lite Server, then aligned to hg38 reference genome with BWA-MEM with
default settings (36). Duplicate sequencing clusters were removed with Picard
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(http://broadinstitute.github.io/picard). Variants in the leukemia cell-containing
sample were called using Mutect? (https://gatk.broadinstitute.org/hc/en-us/
articles/360037593851-Mutect2) using remission bone marrow or peripheral
blood samples as the matched normal (S Appendix, Table S2).

Approximately 96 candidate, leukemia-specific mutations per patient were
selected after excluding mutations in repetitive regions, regions with difficult
alignmentsto the reference genome (hg38), regions that were difficult to amplify
efficiently, regions containing single nucleotide polymorphisms, or transitions
at CpG sites. These exclusions were informed through prior analysis of samples
from individuals without cancer, using whole genome or targeted sequencing. For
the mutations that pass these selection criteria, the ones with the highest mutant
allele fractions were selected as these more likely represent truncal mutations
represent in the majority of subclones.

The v96 Assay. The 96 candidate, leukemia-specific mutations described above
were then used to design a personalized assay dubbed "v96" for each patient. For
each of the 96 candidate mutations chosen, primers were designed as described
previously (17, 35). Primers for all 96 candidate mutations were combined into
a single tube for each patient. A heminested, two-stage PCR protocol was used
to amplify the regions containing the candidate mutations as described previ-
ously (17), except that KAPA HiFi HotStart polymerase was used for amplification
ReadyMix (Roche, Indianapolis, IN; cat # KR0370) as detailed above. Following
sequencing on a NovaSeq 6000 or a Complete Genomics T7 instrument, the data
were evaluated as described (17, 35).To be considered a bona fide mutation, the
mutation had to be present in both the Watson and Crick strands in the DNAfrom
the leukemia cells, present at low mutant allele fraction (<20%) in DNA from the
matched patient sample obtained at remission to exclude germline variants, and
absentin the plasma sample of an unrelated healthy control to exclude artifactual
mutation hotspots. The same v96 multiplex assay was subsequently applied to the
plasma and posttransplant samples from each patient. Although approximately
96 mutations were assessed in every DNA sample from every patient, only the
bona fide mutations among the candidate mutations were scored, which are listed
in Sl Appendix, Tables S2 and S4.The number of leukemia cells shedding ctDNA
into the circulation was estimated as follows: Assuming 2,500 mLof plasmain a
typical individual, one mutant molecule found in 10 mL of plasma implies that
there are 250 mutant molecules in the circulation at that time. The half-life of
ctDNA s roughly 1 h (16), so that 125 (=250/2) mutant molecules are lost each
hour.The same number of molecules are needed to maintain a steady state, i.e.,
number of DNAmolecules lost = number of DNA molecules newly released from
dying cells. Thus, assuming one cell contains one mutant allele, 3,000 newly
dying leukemia cells per day (125 molecules/hour x 24 h) are required to gener-
ate one mutant molecule in 10 mLof plasma. This is a minimum estimate because
not all cells that die release their DNA into the plasma (37).

Plasma DNA Isolation. Plasma was isolated from 20 mLof peripheral blood within
6 h of venipuncture and stored at —80 °C. cfDNA was purified from these plasma
samples using a Revolution cfDNAisolation kit(nRichDX, Ivine, CA; cat# PN 100131)
according to the manufacturer's protocol. Libraries were made from the purified cfDNA
asdescribed above for cellular DNA except that the DNAfrom plasma was not sheared.
The personalized v96 assays were then applied to these cfDNA samples as described
above. The number of mutant molecules depicted in the figures and tables of this
paper refer to the number of mutant molecules found in the libraries prepared from
the ~10 mLof plasma prepared from 20 mL of peripheral blood. The total number of
molecules assessed, as reported in the Tables, also refers to the number of molecules
identified in the libraries prepared from 10 mL of plasma.

Driver Gene Mutations. Driver gene mutations were identified by the Leukemia
Panel in the Johns Hopkins Molecular Diagnostics Laboratory in a CLIA-certified
test, which includes 90 hematologic malignancy-related genes (https://pathol-
ogy.jhu.edu/jhml-services/test-directory/leukemia-panel-ngs-bm). Detection
of FLT3-ITD in bone marrow and peripheral blood samples was performed as
previously described (28).To evaluate driver gene mutations in plasma, we used
the same DNAlibraries and approach described above for the v96 assay, but only
included primers designed to amplify the genomic regions containing the driver
gene mutations. When logistically feasible, the primers used to assess driver
genes were mixed into the multiplex PCRs used for v96. In all cases, 10% of the
identical libraries (representing ~20 copies of each template molecule) were used
to assess the v96-based mutations and the driver gene mutations.
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Data, Materials, and Software Availability. Anonymized genetic sequencing
data have been deposited in EGA sequencing data are deposited in https://ega-
archive.org/studies/EGAS00001007969 (38).
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