
in hospitalized patients, including in
those requiring supplemental oxygen,
but not in those requiring ICU level care,
may reflect better management of pa-
tients over time, but also highlight the
significance of early introduction of vari-
ous anti–COVID-19 therapies to prevent
clinical deterioration to ICU level care.
The findings that corticosteroids in-
creased both secondary infections and
death rates in patients with CLL and
COVID-19 are intriguing. In the RECOV-
ERY trial,8 the use of dexamethasone im-
proved survival in patients hospitalized
with COVID-19 who received respiratory
support. Perhaps the impaired immune
reactions in patients with CLL moderate
the hyperinflammatory reactions to
COVID-19, thus turning corticosteroids
beneficial effects to somewhat redundant
in this frail population.

After the acute phase of SARS-CoV-2 in-
fection, seroconversion is noted in nearly
all immunocompetent subjects, whereas
it was documented in only 60% of the
patients with CLL.1 Failure to produce
protective antibodies may put seronega-
tive patients at risk for reinfection with
SARS-CoV-2 and consequently justifies
vaccinating all patients with CLL who
have recovered from COVID-19. Like-
wise, patients with CLL may develop per-
sistent COVID-19 infection, as result of
their inability to effectively eradicate the
virus. In such cases, prolonged shedding
of infectious SARS-CoV-2 virus and
within-host genomic evolution may even-
tually lead to emergence of new virus
variants.9 Antibody-mediated response
to COVID-19 vaccines in patients with
CLL is also impaired and impacted by
disease activity and anti-CLL treatment.10

High rates of humoral responses to
COVID-19 vaccine were observed in pa-
tients with CLL in remission after treat-
ment. Treatment-naive patients had a
lower rate of response to vaccination,
whereas only a minority of patients on
active treatment at the time of vaccina-
tion responded.10 Recently, administra-
tion of a third messenger RNA COVID-
19 vaccine dose to solid-organ transplant
recipients was shown to significantly im-
prove humoral response to the vaccine,
as 44% of seronegative patients became
seropositive after a third dose.11 Given
the high risk of severe COVID-19 disease
and impaired antibody-mediated im-
mune response to the SARS-CoV-2 virus
and its vaccine in patients with CLL, a
booster dose may be justified in patients

with CLL who fail to achieve seropositivi-
ty after 2 vaccine doses.

In summary, Roeker et al report on the
recent outcome of patients with CLL and
COVID-19, showing decreased risk of
death, and provide hints regarding the
efficacy of specific treatments in these
patients. The gathering data call for early
application of antiviral drugs, mAbs, and
convalescent plasma as well as improved
vaccination strategy, to improve the
odds for patients with CLL confronting
COVID-19. As the global COVID-19 pan-
demic is ongoing and seems far from
resolution, especially as the virus contin-
ues to mutate, well-designed, large-scale
prospective studies, on the clinical
course, outcomes, the efficacy of specific
therapeutics, and vaccination timing and
schedule, in patients with CLL and
COVID-19, are still warranted.
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Comment on Astolfi et al, page 1773

A viral cause of APL
Rachel E. Rau1 | Texas Children’s Hospital

In this issue of Blood, Astolfi et al report the first known cases of acute pro-
myelocytic leukemia (APL) caused by integration of the ubiquitous, seemingly
nonpathogenic torque teno mini virus (TTMV) into the RARA locus.1

APL accounts for 5% to 10% of pediatric
and adult acute myeloid leukemia (AML)
and is characterized by specific clinical
and biologic features and is managed by
a unique therapeutic approach. Indeed,
compared with other AML subtypes, it
seems APL diagnosis, biology, and thera-
py are well defined with little left to be

worked out. The diagnosis and manage-
ment of APL often proceeds down a rela-
tively predictable path beginning with
the patient presenting with a variably
high white blood cell count with promye-
locytic blasts, typically with characteristic
intense azurophilic granules and obvious
Auer rods. Diagnosis is facilitated by the
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fact that APL is, by in large, a genetically
uniform disease characterized by the
pathognomonic PML/RARA (promyelo-
cytic leukemia gene/retinoic acid recep-
tor a) fusion gene resulting from the
t(15;17)(q22;q12) translocation.2 Impor-
tantly, APL is exquisitely sensitive to all-
trans retinoic acid (ATRA) and arsenic
trioxide (ATO), making it highly curable
in most patients without need for intensi-
fied chemotherapy.3,4

Of course, APL still poses challenges, in-
cluding significant disseminated intravas-
cular coagulopathy at presentation that
can lead to the patient’s demise from a
catastrophic hemorrhage. Because of this
risk, physicians suspecting APL must initi-
ate ATRA therapy almost immediately,
long before genetic confirmation of the
disease. Additionally, patients can suffer

life-threatening differentiation syndrome,
particularly after ATRA initiation. Beyond
these clinical challenges in the early dis-
ease course, diagnosis itself can prove
surprisingly elusive in some cases that by
all clinical and morphologic features fit
the definition of APL. Occasionally, the
PML/RARA fusion results from a cryptic
translocation, missed by all standard cy-
togenetic assays. Rarely, RARA fusions
involving other genes can drive the dis-
ease and, in fewer cases still, fusions in-
volving other members of the retinoic
acid receptor family have been identified
as drivers of APL.5 Astolfi et al report an
even more unexpected genetic cause
of APL.

The authors report the case of a 6-year-
old girl with clinical and morphologic fea-
tures of APL without evidence of t(15;17)

or the PML/RARA fusion. To investigate
the genetic cause of her disease after its
unfortunate relapse, the authors con-
ducted whole-transcriptome sequencing
on a leukemic sample. This analysis iden-
tified an in-frame viral insertion of a por-
tion of the TTMV into intron 2 of the
RARA gene, within the region of RARA
involved in the PML/RARA fusion. This in-
tegration resulted in transcription of a
chimeric TTMV/RARA fusion gene (see
figure). Based on this finding, the patient
was treated with ATRA/ATO, which grad-
ually decreased the fusion transcript and
ultimately resulted in a complete remis-
sion. Going further, the authors interro-
gated retrospective whole-transcriptome
sequencing data, identifying a similar in-
tegration of a portion of the TTMV gene
into RARA intron 2 in a sample from a 3-
year-old with normal karyotype AML.
These chimeric fusions were also associ-
ated with an APL gene expression signa-
ture, and when expressed in a human
cell line conferred sensitivity to ATRA,
supporting a pathogenic role in the gen-
esis of APL.1

Although viral infections are known drivers
of 12% to 16% of cancers, this is the first
description of a viral cause of APL.6 Addi-
tionally, this is the first direct evidence of
TTMV, a nonpathogenic member of the
Anelloviridae family of nonenveloped, cir-
cular single-stranded DNA viruses, as a
cause of cancer. The identification of viral
integration causing APL leads one to
wonder if viral-driven APL outbreaks are
possible, as there are reports of clusters
of APL in the literature.7 However, the
cases reported in these clusters were
characterized by presence of the PML/
RARA fusion, thus genetically distinct from
the TTMV/RARA fusion cases reported by
Astolfi et al. Furthermore, TTMV is an om-
nipresent virus, likely acquired by all hu-
mans during infancy and persisting
throughout life8; thus, it is unlikely to be a
prominent cause of periodic APL out-
breaks. There is evidence suggesting
TTMV is held in check by the intact im-
mune system, raising the question of
whether increased viral load in an immu-
nocompromised host could facilitate the
integration of a portion of the virus into
the RARA gene.8 In the 2 cases presented
by Astolfi et al, neither child had an iden-
tified preexisting immune deficit before
their leukemia diagnosis, though this can-
not be ruled out.

RARA ex 2 RARA ex 3

RARA ex 3

Viral integration

ATG Expression of
chimeric transcript

APL

RARA intron2Retained
intron2

Retained
intron2

ORF2

ORF2

UTRTTMV

TTMV UTR

Schematic representation of viral integration of a portion of the TTMV gene into intron 2 of the RARA gene.
The integration includes TTMV open reading frame 2 (ORF2) and an upstream untranslated region (UTR) adjacent
to a short sequence of retained RARA intron 2, in-frame with exon (ex) 3. This integration results in the transcrip-
tion of a chimeric fusion messenger RNA with a start codon (ATG) at the initiation of TTMV ORF2. This chimeric
fusion transcript results in an APL-like gene expression signature and ultimately the development of acute pro-
myelocytic leukemia (APL). Adapted from Figure 1 in the article by Astolfi et al that begins on page 1773.
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Last, this fascinating report raises the
question of whether TTMV viral inte-
gration is a recurrent cause of APL. To
fully define the frequency of TTMV/
RARA fusions, sequencing of many
additional APL samples lacking PML/
RARA fusions will be necessary. Given
that sensitivity to ATRA and ATO is
likely dependent on the presence of
the PML/RARA fusion,9 precisely defin-
ing the genetic basis of each APL case
is of clinical value. Therefore, if future
work establishes TTMV/RARA fusion as
a recurrent cause of APL, development
of clinical assays for its detection could
be warranted.
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