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Abstract

There are four solid tumors with common screening options in the average-risk population aged 21 to 75 years (breast,
cervical, colorectal, and, based on personalized risk assessment, prostate), but many cancers lack recommended
population screening and are often detected at advanced stages when mortality is high. Blood-based multi-cancer early
detection tests have the potential to improve cancer mortality through additional population screening. Reported
here is a post-hoc analysis from the third Circulating Cell-free Genome Atlas substudy to examine multi-cancer early
detection test performance in solid tumors with and without population screening recommendations and in hematologic
malignancies. Participants with cancer in the third Circulating Cell-free Genome Atlas substudy analysis were split into
three subgroups: solid screened tumors (breast, cervical, colorectal, prostate), solid unscreened tumors, and hematologic
malignancies. In this post hoc analysis, sensitivity is reported for each subgroup across all ages and those aged =50
years overall, by cancer, and by clinical cancer stage. Aggregate sensitivity in the solid screened, solid unscreened,
and hematologic malignancy subgroups was 34%, 66%, and 55% across all cancer stages, respectively; restricting to
participants aged =50 years showed similar aggregate sensitivity. Aggregate sensitivity was 27%, 53%, and 60% across
stages | to lll, respectively. Within the solid unscreened subgroup, aggregate sensitivity was >75% in 8/18 cancers (44%)
and >50% in 13/18 (72%). This multi-cancer early detection test detected cancer signals at high (>75%) sensitivity
for multiple cancers without existing population screening recommendations, suggesting its potential to complement
recommended screening programs.
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Introduction

In recent decades, reductions in cancer mortality have
likely been driven by reductions in smoking, improvements
in treatment, and earlier detection through screening.! For
the average-risk population aged 21-75 years, there are
four solid tumors with common screening options.” > The
United States Preventive Services Task Force (USPSTF)
recommends breast, cervical, and colorectal cancer screen-
ing based on age, and prostate cancer based on personalized
risk assessment. Lung cancer screening is only recom-
mended by the USPSTF for high-risk individuals with a
smoking history.® Less than 13% of the 55-80-year-old
population met lung cancer screening criteria in 2017.7
There is an unmet need for cancer population screening for
average-risk individuals beyond just four cancers.

Most cancer deaths occur from those that are not
addressed by current screening guidelines.! Furthermore,
individuals who are recommended for cancer screenings
have a greater risk of receiving a different cancer diagnosis
than the one being screened.® Screening for more cancers
may address this unmet need.

Multi-cancer early detection (MCED) testing has the
potential to address this need and reduce cancer mortality.
An MCED test (Galleri®) (GRAIL, LLC, a subsidiary of
[llumina, Inc., Menlo Park, CA, USA) was validated in the
third and final Circulating Cell-free Genome Atlas (CCGA)
substudy.’ This test uses cell-free DNA (cfDNA) targeted
methylation signals to detect a shared cancer signal and
predict cancer signal of origin with a specificity of 99.5%
(false-positive rate, 0.5%) across multiple cancer types
that collectively account for more than two-thirds of
annual US cancer deaths.’

Clinical use necessitates understanding how the MCED
test may complement existing screening paradigms for the
average-risk population. We performed a post-hoc analysis
from the third and final CCGA substudy® of the MCED test
performance for three subgroups: solid tumors with and with-
out common screening options for the average-risk popula-
tion, and hematologic malignancies. Of note, sample sizes for
individual cancers were small, limiting statistical compari-
sons. Hematologic malignancies were analyzed separately
because diagnostic investigation for hematologic malignan-
cies is substantially different than that for most solid tumors.

Methods

The CCGA study (NCT02889978) is an observational,
multi-center (142 sites across North America), case-con-
trol study that was analyzed in three prespecified sub-
studies, as previously described (see online Supplementary
Methods).>!°

The third substudy of CCGA validated a targeted methyl-
ation-based MCED screening test using cfDNA sequencing
for population use’ and is the basis for the post-hoc analysis
reported here (cancers only). The primary analysis of the

third CCGA substudy included participants with and with-
out cancer. Cancer participants (=20 years) included in
CCGA were those who were either enrolled with a con-
firmed cancer diagnosis at enrollment, or enrolled with high
cancer suspicion and subsequently confirmed with a cancer
diagnosis through a biopsy or surgical resection within the
enrollment window. Diagnoses may have been prompted by
clinical symptoms, routine screening, or incidental detec-
tion of a different cancer during screening. Potential cancer
participants were excluded if they had received treatment
for cancer including chemotherapy or radiotherapy, defini-
tive local therapy, or more extensive surgery than that
required to confirm diagnosis before blood draw.

Blood sample collection and processing was performed
as previously described’® to generate targeted methylation
data per genomic region from cfDNA for each sample (see
online Supplementary Methods). Samples were rand-
omized across processing batches, operators, and reagent
lots to reduce the potential for bias. During processing, up
to 75 ng plasma cfDNA underwent customized bisulfite
conversion as a dual indexed sequencing library, and was
enriched using hybridization capture for 150 bp paired-end
sequencing (Illumina NovaSeq).

Clinical data were abstracted from medical records,
pathology reports, and radiology reports and entered into a
validated electronic data capture system. Clinical stage
was assigned by the treating physician/a certified cancer
registry professional according to the AJCC Staging
Manual (7th/8th edition).” Cancers without staging classi-
fication in the manual were analyzed without staging
information. Cancers were classified as previously pub-
lished cancer classes (see online Supplementary Methods).’

A custom machine learning model was used to recog-
nize methylation patterns in cfDNA for each sample as
indicative of a cancer signal or no cancer signal. Samples
from the third CCGA substudy were used for independent
validation of the classifier.’

A post-hoc analysis of cancer signal detection results
from the third substudy of CCGA was performed to under-
stand the performance of the MCED test in solid tumors
with recommendations for average-risk population screen-
ing, solid tumors without recommendations for population
screening, and in hematologic malignancies (all of which
have no recommended screening). The subgroup of solid
tumors with population screening (‘solid screened’)
included breast, cervical, colorectal, and prostate cancers
(lung cancer was excluded since screening is exclusively
recommended for high-risk individuals). The subgroup of
solid tumors without recommended population screening
(“solid unscreened’) included all carcinomas, sarcomas,
and melanomas, excluding solid screened tumors. The
subgroup of hematologic malignancies (‘heme malig-
nancy’) included myeloid neoplasms, lymphoid leuke-
mias, lymphomas, and plasma cell neoplasms, representing
a subset of cancers with a wide spectrum of severity and
aggressiveness, many of which are not stageable.
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Cancer signal detection performance by the MCED test
was measured by sensitivity. Sensitivity was calculated in
each subgroup as the percent of cancer participants in
whom a cancer signal was detected. Sensitivity within
each subgroup was calculated across all ages and those
aged =50 years overall, by cancer, and by clinical cancer
stage. Sensitivity in the solid screened subgroup was addi-
tionally calculated for those participants whose cancer was
found through screening versus clinical presentation.

Results

A total of 2794 participants with cancer from the third and
final CCGA substudy were included in this post-hoc analy-
sis; 1175 participants were included in the solid screened
subgroup, 1336 in the solid unscreened subgroup, and 283
in the heme malignancy subgroup.

Aggregate sensitivity across all stages and all ages was
34% (95% CI: 31%, 37%) in the solid screened subgroup,
66% (95% CI: 63%, 68%) in the solid unscreened sub-
group, and 55% (95% CI: 49%, 61%) in the heme malig-
nancy subgroup (including cancers that were not expected
to be staged). Restricting to participants aged =50 years
showed similar aggregate sensitivity (30% [95% CI: 27%,
33%], 66% [95% CIL: 64%, 69%], and 54% [95% CI: 48%,
60%], respectively). Across stages I-11I for all ages, aggre-
gate sensitivity was similar or lower (27% [95% CI: 25%,
30%], 53% [95% CI: 49%, 56%], 60% [95% CI: 53%,
67%], respectively).

Sensitivity differed by specific cancers within each sub-
group (Figure 1A). Within the solid screened subgroup,
sensitivity was >75% for cervical and colorectal cancers
and <40% for prostate and breast cancers across all stages.
Within the solid unscreened subgroup (18 cancers), sensi-
tivity of cancer signal detection across all stages was
>75% in eight (44%) cancers and >50% in 13 (72%) can-
cers. Cancer-specific sensitivity in the heme malignancy
subgroup (including cancers that were not expected to be
staged) ranged from 20%-100% across all stages.

In the solid unscreened subgroup, sensitivity across stages
I-III was >75% in five (28%) cancers and >50% in nine
(50%) cancers (Figure 1B). In the solid screened and heme
malignancy subgroups, cancer-specific sensitivity across
stages [-11I was similar to sensitivities across all stages.

Sensitivity generally increased by stage within the solid
screened and solid unscreened subgroups and was similar
across stages II-IV for the heme malignancy subgroup
(Figure 2A). Within the solid screened tumors, prostate
cancer had a sensitivity of 6% (95% CI: 4%, 8%) across
stages [-III, but stage IV prostate cancer had a sensitivity
0f 83% (95% CI: 66%, 93%). Breast cancer had a sensitiv-
ity of 31% (95% CI: 27%, 35%) across all stages, but had
a sensitivity of 86% (95% CI: 74%, 92%) and 91% (95%
CI: 72%, 98%) in stages III-1V, respectively. In cervical
and colorectal cancers, cancer signals were readily detected
across all stages (Figure 2B). Details on sensitivity of

cancer signal detection by cancer and stage can be found in
online Supplementary Table 1.

Participants diagnosed with cancer were enrolled in
CCGA following clinical presentation or screening.
Important clinical differences and outcomes exist between
cancers that present clinically versus those detected by
screening.'! For stages I-III in the solid screened sub-
group, this MCED test had a numerically higher sensitivity
to detect cancer signals from cancers diagnosed through
clinical presentation than through screening (Figure 3).

Discussion

We examined MCED test performance across cancer sub-
groups, providing evidence that it may serve as a useful
screening tool for the average-risk population. The aggre-
gate sensitivity of cancer signal detection was 66% in the
solid unscreened subgroup and >75% for many unscreened
cancers, indicating that the MCED test may expand the
volume of screen-detectable cancers beyond those cap-
tured by USPSTF recommendations. Further, cancer sig-
nals were detected from unscreened cancers that contribute
to significant cancer-related mortality.!> Importantly,
MCED test performance in participants aged =50 years
was similar to performance for all ages across all sub-
groups. A negative MCED test result may not rule out
commonly screened cancers, especially early stage;
patients should be encouraged to continue recommended
single-cancer screenings. MCED may be useful alongside
existing screening, not as a replacement.

In the solid screened subgroup, the MCED test could
detect cancer signals with relatively high sensitivity (>80%)
for stages II-IV colorectal and cervical cancers and for later
stages of prostate (stage IV) and breast cancers (stages 11—
IV). Cancer signal detection rates in prostate (stages I-I1I)
and breast cancers (stage I) were numerically lower than
colorectal and cervical cancers in those stages. Notably,
more than four times more participants with prostate and
breast cancers were enrolled at stages I-II than III-1V (colo-
rectal and cervical cancers were more evenly represented
across stages). Thus, as expected, the aggregate sensitivity
in the solid screened subgroup was skewed toward the sen-
sitivity of early-stage breast and prostate cancers.

The relatively lower sensitivity observed in early-stage
breast and prostate cancers suggests that the sensitivity of
this MCED test may be less than currently recommended
screening for breast and prostate cancers. Notably, single-
cancer screening tests value sensitivity over specificity to
maximize the number of cancers detected. However,
MCED tests are able to detect more cancers with high spec-
ificity and moderate sensitivity given the aggregate preva-
lence of multiple cancers.' It is interesting to also consider
this result in the context of evidence from the second CCGA
substudy, which indicated that the MCED test may prefer-
entially detect cancer signals from clinically significant
cancers.'* Concordantly, evidence has shown that current
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Figure |. Sensitivity by cancer and subgroup. (A) Cancers across all stages within each subgroup are plotted against sensitivity.
(B) Cancers across stages |-l within each subgroup are plotted against sensitivity. Cancers within each subgroup are plotted for
solid screened tumors on the left, solid unscreened tumors in the middle, and hematologic malignancies on the right. The heme
malignancy subgroup included cancers that were not expected to be assigned a stage. Note that urothelial tract cancers include
renal, pelvis, ureter, and urethra cancers. “Other” cancers (n) included adrenal (1), ampulla of vater (1), brain (6), choriocarcinoma
(1), mesothelioma (7), non-melanoma non-basal cell carcinoma/squamous cell carcinoma skin cancer (2), unspecified (10), penis (1),
small intestine (13), testis (6), thymus (2), vagina (2), and vulva (7). Error bars represent 95% Wilson confidence intervals, and data

values above the error bars indicate the sensitivity.
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Figure 2. Sensitivity by cancer clinical stage and subgroup. (A) Cancer clinical stage for each subgroup is plotted against sensitivity.
Stages |-V are plotted individually to the right. (B) Sensitivity for solid screened tumors by cancer and clinical stage. Error
bars represent 95% Wilson confidence intervals, and data values above the error bars indicate the sensitivity. Missing indicates

unavailable stage information. NE, not expected to be staged.

screening paradigms for prostate and breast cancers
can prompt overdiagnosis.'>!® The lower sensitivity in
early-stage prostate and breast cancers observed may be
affected by cancers found through current screening that
are less biologically active or have molecular features asso-
ciated with less aggressive disease, and so less detectable
by MCED testing. This possibility is consistent with the

numerically higher early-stage sensitivity observed for
solid screened tumors that were enrolled through clinical
presentation versus screening. While sensitivity was lower
for breast and prostate cancers, research has suggested that
MCED testing at preventive care exams may complement
existing breast and prostate cancer screening, given that the
ease of a blood test may promote adherence.!’
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Figure 3. Solid screened tumors diagnosed through screening or clinical presentation. MCED test sensitivity by stage for solid
screened tumor cases that were diagnosed through screening (light blue) or clinical presentation (gray). Error bars represent 95%
Wilson confidence intervals, and data values above the error bars indicate the sensitivity.

Although sensitivity in the solid screened and
unscreened subgroups increased with stage, sensitivity in
the heme malignancy subgroup (excluding those not
expected to be staged) was variable across stages. Notably,
the hematologic malignancies examined in this study are
heterogeneous with respect to aggressiveness,'®!” which
likely influences analyzable ctDNA; indeed, the fraction
of ctDNA relative to cfDNA (circulating tumor fraction)
is a major determinant of cancer signal detection and
prognosis.'*?® Higher tumor fractions are generally
observed in late-stage cancers with higher tumor burden.'*
Additionally, the hematologic malignancies studied
encompass a spectrum of disease severity, making it dif-
ficult to interpret the variable sensitivities. The range of
sensitivities across hematologic malignancies warrants
further study to confirm performance in these cancers.

The CCGA study reported here was a case-control
study and was not designed to determine whether the
MCED test can detect cancer cases missed by popula-
tion screening in the intended use, all-risk population.
This post-hoc analysis was limited by small sample
sizes for individual cancers and was not powered to
draw statistical conclusions. However, this analysis pro-
vides insights into the ability of MCED tests to comple-
ment current recommended screening. Specifically, the
MCED test detected a shared cancer signal across many
cancers that currently have no screening recommenda-
tions. These data support MCED testing as a potential

promising tool to expand early cancer detection, and
continued research is warranted to confirm the feasibil-
ity of test implementation and complementarity to exist-
ing population screening.
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