
The pooled risk of death was 34%, higher
(39%) for the 2361 inpatients, and lower
(4%) for the 102 pediatric patients. Pa-
tients had about a 21% chance of re-
quiring intensive care and 17% chance of
being placed on mechanical ventilation.
As expected, younger patients (,60
years) had a mortality risk almost half that
of older patients ($60 years, 25% vs 47%,
P , .00001), and disparate health out-
comes based on race were reinforced,
with non-White patients more than twice
as likely to die compared with White
patients (relative rate 5 2.2, P 5 .003).
Recent receipt of anticancer therapy did
not affect mortality risks, but cancer
subtype may have, with risk of death
highest for those with acquired bone
marrow failure syndromes and acute
leukemias. The study may have over-
estimated COVID-19–related deaths, as
it was enriched by hospitalized patients,
and as patients with advanced stage
cancers may have died anyway from their
competing risk.

I came of professional age in an era when
practicing evidence-based medicine was
held up as the gold standard for competent
and trusted physicians. When faced with a
new and poorly defined contagion, with
conflicting data about its etiology, trans-
missibility, lethality, and prevention, and
few rigorous studies providing insight into
this basic information, I feel unmoored.

This systematic review provides us with
data we can use in the common conver-
sations we are now holding daily with our
hematologic malignancy patients: That
yes, they should continue to practice so-
cial distancing, wear masks, engage in
good hand hygiene, and avoid risky in-
fectious behaviors; that if they catch the
virus, their chance of landing in an in-
tensive care unit is 1 in 5, and of requiring
mechanical ventilation is 1 in 6. In fact,
their chance of dying from COVID-19 is
.10 times higher than the general pop-
ulation. However, as we weigh the relative
risks and benefits of initiating treatment of
their cancers, we can rest easier that che-
motherapy does not appear to increase
their chances of dying from the virus. We
await population-based studies to answer
the question of whether our patients are
also at higher risk of catching COVID-19.

The song Undercover of the Night by the
Rolling Stones6 explores political cor-
ruption in Central and South America in
the 1980s, an area of the world also hit

hard by COVID-19. Similar to the virus’
path, the sinister forces of which Mick
Jagger sings take people’s lives by dark
of night, while the rest of us “curl up
tight,” hoping that we also will not get
stricken. As we await widespread imple-
mentation of an effective vaccine, our best
medicine against COVID-19 is to exhort
our patients to engage in preventive
practices to avoid a substantial risk of
dying, so that we can all walk the streets
safely again one day.
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A NEWral approach for HSC
production in vitro?
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In this issue of Blood, Fidanza et al elegantly describe the single-cell tran-
scriptome of hematopoietic stem and progenitor cells (HSPCs) derived from
human pluripotent stem cells (hPSCs) and compared it with human fetal liver
progenitors using an artificial neural network.1

The ultimate challenge in the field of
developmental hematopoiesis is under-
standing the complex differentiation
landscape of HSPCs in order to reproduce
in vitro, and eventually in vivo, the proper
environmental cues to support long-term,
multilineage hematopoietic stem cells
(HSCs). Blood progenitors appear in the
embryo in distinct hematopoietic waves,
which differ from each other by their
lineage output.2 Identification of specific
cellular markers to isolate these progeni-
tors is essential to explore the hierarchical
relationships during developmental he-
matopoiesis. For this reason, integrative
bioinformatics approaches are being used
to improve our understanding of the cel-
lular andmolecular factors associated with
the emergence of HSCs in vivo and
in vitro.3

Fidanza et al reported an elegant, well-
conducted study in which human induced
pluripotent stem cells–derived HSPCs
were sequenced and compared at the
single-cell level with in vivo counterparts.
More than 40000 cells were sequenced in
the experiments. In the first experiment,
the authors selected the CD235a2CD431

suspension cell population in order to
exclude progenitors originating from the
primitive wave. This heterogeneousmix of
progenitors nicely clustered into clearly
separable populations of uncommitted,
immature progenitors and cells committed
to megakaryocyte, erythroid, and gran-
ulocyte lineage, with the identity of each
population marked by a unique repertoire
of expressed genes. With a combination of
semisolid clonogenic assays and a chimeric
coculture system, the authors functionally
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validated a population of naı̈ve progenitors
characterized by the expression of CD44, a
membrane protein involved in the endo-
thelium-to-hematopoietic transition (EHT).
This is especially important because CD44
low expression marks the onset of EHT,
and it increases toward the emergence of
HSCs.4 Among the membrane markers
that characterize the hierarchy of in vitro
hPSC-derived HSPCs, the authors found
that CD326, CD41, and CD18 marked
erythroid, megakaryocyte, and granulocyte
lineage, respectively. These markers,
among others, were further confirmed by
a CITE-seq analysis in which cells were
labeled with oligonucleotide-tagged anti-
bodies specific for the above-mentioned
markers (see figure). Interestingly, both
suspension (CD235a2CD431) and adherent
fraction (CD235a2CD432) of differentiating
cells were included in the CITE-seq analysis.
This is important because early blood pro-
genitors were found among the adherent
hemogenic endothelium, a cell population

with hematopoietic potential that ex-
presses endothelial markers such as
CD31 (PeCAM1) and CD144 (VE-Cad).5,6

This approach tested the specificity of a
minimal marker repertoire in capturing the
early stages of lineage commitment (see
figure).

Amajor strength of this work is theway the
single-cell data have been compared with
another landmark work on developmental
hematopoiesis. This is the first time that
machine learning has been used to
compare in vitro– and in vivo–generated
cell types. An artificial neural network7 was
first trained using a published fetal liver
dataset8 and then used to “recognize” cell
types in the in vitro dataset (see figure).
The authors were able to identify a rare
hematopoietic progenitor population that
most closely resembles fetal liver HSC/
multipotent progenitors (MPPs). This
population was rare in the culture, and its
frequency declined over time in culture.

The transcriptional differences identified
between in vivo– and in vitro–generated
HSC/MPPs might help explain the func-
tional deficiencies of hPSCs-derived blood
derivatives to engraft and reconstitute he-
matopoiesis in vivo and could ultimately
be exploited to improve their production
in vitro and their therapeutic potential. For
example, EGR1 and other members of the
early response genes family (ZFP36L1,
NR4A1, FOS, JUN, and JUNB) were
expressed at a lower level in the in
vitro–produced HSC/MPP, and so these
genes could be used in direct pro-
gramming strategies to manufacture
HSCs. Stem cell–based applications rely
on the ability to activate several endog-
enous genes simultaneously to modify
cell fate. Recent developments of multi-
plexed genetic intervention of hPSCs using
catalytically dead Cas9 (dCas9) activator
systems represent an unprecedented tool
to simultaneously activate several endog-
enous genes for prospective generation of
functional HSCs.9

The limitations in the production of
reconstituting HSCs in vitro from human
hPSCs could be explained by the inca-
pacity either to generate or to maintain
HSCs. It is possible that the culture condi-
tions employed to differentiate hPSCs also
promote the differentiation of HSCs into
lineage-restricted progenitors. In a recent
study, hPSCs were differentiated until the
EHT stage, when they were genetically
manipulated to overexpressed transcrip-
tion factors. The transgenes were induced
when the cells were transferred into the
bone marrow to support the EHT process,
and this resulted in the reconstitution of the
hematopoietic system.10 This underlines
the importance of the microenvironment
and implies that functional HSCs can be
generated from hPSCs, suggesting that
in vitro culture conditions are unable to
support their maintenance. Further studies
are required to assess the functional
properties of the HSC-like population
identified by Fidanza et al and to test if
appropriate culture of this population could
help to define the limitation of HSCs pro-
duction. The methology developed by
Fidanza et al represents a novel approach
that can be now applied to any model of
in vitro differentiation, thus helping to
overcome the challenges in the production
of other therapeutic cell types from hPSCs.
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Schematic of the pipeline used in Fidanza et al to characterize hematopoietic cells differentiated from hPSCs. (A)
The authors sequenced.40 000 cells in 2 experiments. The first scRNAseq experiment identified the transcriptome
of uncommitted and lineage primed progenitors. The membrane markers associated with these cells were used to
functionally validate their in silico–predicted lineage output. In the second experiment, 8 membrane markers were
tagged using oligo-barcoded antibodies, and the cells were then sequenced using a CITE-seq approach. This
allowed verification of the expression pattern of specific markers and associated them with a single-cell tran-
scriptome. (B) The authors compared the single-cell transcriptome of hematopoietic cells collected from the human
fetal liver with that of cells differentiated in vitro using a machine learning approach. First, they trained an artificial
neural network using a vast single-cell fetal liver dataset and then used this trained network to transfer cell-type
labels to the in vitro–derived cells. Finally, corresponding cell types were compared, and differentially expressed
genes were listed as targets to improve the production of specific hematopoietic population in vitro from human
PSCs.
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Expanding the toolbox to
combat a pandemic
Susan E. Prockop | Memorial Sloan Kettering Cancer Center

Understanding immune responses to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is critical for optimizing treatment of COVID-19.
In this issue of Blood, Keller and colleagues1 generated SARS-CoV-2–specific
cytotoxic T lymphocytes (CTLs) from the blood of individuals recovered from
infection. The rapid application of this good manufacturing practice (GMP)-
compliant system raises the possibility that banked third-party SARS-CoV-2
CTLs could be used for treatment.

The first demonstration that transfer of
viral specific CTLs could provide effective
prophylaxis and treatment of infections in
immunodeficient recipients was made
.25 years ago.2 Since that time, the field
has advanced, and an estimated 500
individuals have been treated on phase
1, 2, and 3 trials, which demonstrated ef-
ficacy in preventing and treating Epstein-
Barr virus, cytomegalovirus, adenovirus,
BK virus, and human herpesvirus 6.3 SARS-
CoV-2 is a novel coronavirus, and the T-cell
immune responses to the virus, both op-
timal and maladaptive, are not fully un-
derstood (reviewed by Chen and John
Wherry4). Although the generation of
SARS-CoV-2 CTLs is an incremental ad-
vance in adoptive T-cell therapies for viral
infections, the power of themethodology is

demonstrated by the rapid pivot to adapt
these GMP-compliant processes to target a
novel virus causing a global pandemic.

An important feature of treatment with
adoptively transferred viral CTLs generated
by in vitro expansion from seropositive
immune competent donors is tolerability
with a limited incidence of off-target auto-
immunity, such as graft-versus-host disease.
Recent efforts have seen progress in in-
creasing thenumber of viruses targetedand
improving accessibility to these therapies
by more rapid production methods and/or
the use of banks of “off-the-shelf” third-
party products.1,5 Progress in tracking
the in vivo expansion and durability of
the transferred T cells has not kept pace
with the clinical expansion of these

therapies, but novel approaches to im-
mune monitoring and the potential for
deep sequencing of infused populations
are changing that. Meanwhile, com-
mercialization of banked viral-specific
T-cell therapies is on the horizon.

Most of the clinical experience thus far in
adoptive therapy with CTLs has targeted
reactivation of viral infections in patients
with immunodeficiency. The close asso-
ciation between immunodeficiency and
viral disease establishes the rationale for
adoptive cellular therapy for treatment of
infections. Our understanding of pro-
tective and inflammatory responses and
COVID-19 disease course (reviewed in
Kuri-Cervantes et al6) is informing our
approaches to improving therapies. On-
going efforts to prevent and treat COVID-
19 with SARS-CoV-2–specific immunity
include convalescent plasma, highly neu-
tralizing antibody, and vaccination.

In this paper, Keller and colleagues de-
scribe the isolation and expansion of
SARS-CoV-2 CTLs from 46 convalescent
donors, most of whom had mild disease.
They effectively generated SARS-CoV-2
CTLs from 58% of donors, including from
individuals with (26/33) as well as without
(5/12) detectable antibody responses.
They also were able to generate SARS-
CoV-2 CTLs from 2 of 15 unexposed
donors. The authors examined the phe-
notype of SARS-CoV-2–directed T-cell
populations in patients who have re-
covered from (in most instances) clinically
mild infection. As in other reports using
different techniques,7 the expanded
SARS-CoV-2 specific T-cell populations
were predominantly CD41 T cells with a T
helper phenotype that recognizes viral
epitopes in conserved regions of struc-
tural proteins. In addition, the authors
demonstrate that these expanded CD41

T cells have significant diversity and in-
clude small populations of activated ef-
fector memory and CXCR51 follicular
helper T cells potentially critical to un-
derstanding links between T-cell and
B-cell SARS-CoV-2–specific immunity.

Keller et al also identify viral-specific re-
sponses to a highly conserved “hotspot”
in the C-terminus of the Membrane
protein recognized by multiple donors
through a shared class II DR 01:01 HLA
allele. The hierarchy of immunodomi-
nance identified by Keller et al, defined
as the percentage of individuals with a
T-cell response to each of 3 structural
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