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Turning over a new leaf
on turning over RBCs
James C. Zimring | University of Virginia School of Medicine

In this issue of Blood, Klei and colleagues present novel data to support the
hypothesis that adhering to extracellular membranes (ECM), and not red pulp
macrophages (RPMs), is the first step in clearance of senescent red blood cells
(RBCs).1

RBCs have a fixed average lifespan within
a given species (ie, 120 days in humans,
55 days in mice, etc). Although multiple
cellular and biochemical changes that
correlate with RBC age have been
documented, the specific changes that
lead to clearance of senescent RBCs from
circulation remain unclear. This is not due
to a lack of possibilities; indeed, there
have been myriad hypotheses with sup-
porting evidence.2-5 These include loss of
sialic acid, decreased CD47, increased
cellular rigidity, exposure of phosphati-
dylserine and/or other oxidized lipids,
eryptosis, and the exposure of neo-
epitopes called “senescent antigen”
(typically alterations in Band3) to which
naturally occurring immunoglobulin G
(IgG) autoantibodies bind, opsonizing
the RBCs and promoting clearance by
phagocytes.5 However, one problem,
which is common to all experimental bi-
ology, is the issue that because something
can occur, does not mean that it does
occur in vivo under normal conditions. For
example, despite the highly repeated
observation that RBCs accumulate anti-
Band3 IgG on their surface as they age,
and that the bound IgG can promote
phagocytosis of senescent RBCs,5 RBCs
have a normal lifespan in agammaglobu-
linemic mice also lacking C3.6 Rejecting
evidence such as this is often shrugged off
by advocates of the hypothesis by claiming
that redundant pathways exist, thus dem-
onstrating only that there must be addi-
tional mechanisms.

Of course, redundant pathways certainly
exist in biology. That said, the logical
result of evoking redundancy also ren-
ders any hypothesis unrejectable (ie,
unfalsifiable). Nevertheless, biology is
certainly known to be complex. In addi-
tion to redundant pathways, multiple
pathways (often in opposition) can co-
exist and result in outcomes that are
based on a balance of opposing factors,
and this must be taken into account in
RBC clearance biology as well.4 However,
when a field fails to make significant
forward progress on narrowing down
hypotheses after decades of work, it may
not be due to inherent redundancy and
complexity, but may be due to the cor-
rect hypothesis having not yet been
posited.

Senescent RBCs are cleared largely by
RPMs in the spleen. Reductionist analysis
of this process has proven difficult,
because RPM phagocytose senescent
RBCs in vivo, but not in vitro,7 at least
under the conditions tested thus far.
However, while analyzing RPMs taken
directly from human spleens, Klei et al
observed that only 3% had visibly
engulfed RBCs, far fewer than the pre-
dicted 30% based on RBC and RPM
numbers. Moreover, consumed RBCs
had the appearance of RBC ghosts. Using
a mouse model in which both the cyto-
plasmic and the membrane components
of RBCs were labeled with different dyes,
they demonstrated that senescent RBCs

become trapped in the extracellular
space of the spleen where they lose their
cytoplasmic content while their mem-
branes remain intact.

Klei et al present a provocative new hy-
pothesis that resolves the discordance
between RPM behavior in vitro and in
vivo. The reason RPMs do not phago-
cytose senescent RBCs in vitro is not
because they have lost the capacity but
because they never had it; RPMs do not
phagocytose senescent RBCs in vivo ei-
ther. Rather, senescent RBCs degrade
into ghosts in the extracellular space of
the red pulp, and then it is the ghosts that
are consumed by RPMs. In their words,
“the splenic architecture is required to
drive hemolysis that allows for the rec-
ognition of the erythrocyte remnant by
RPM.” Klei et al go on to demonstrate
that senescent RBCs bind to laminin-a5
and progressively transition into ghosts
over time under shear stress. Moreover,
they show that laminin-a5 is expressed in
the red pulp extracellular matrix. Indeed,
applying 2-photon microscopy to human
spleens, RBCs with the characteristics of
senescent cells were observed associ-
ated with laminin-a5.

Perhaps the most profound implications
of the work of Klei et al are that changes
in surface properties of intact senescent
RBCs are insufficient to cause consump-
tion by RPMs, and an additional change
occurs in the process of becoming a
ghost. This raises the possibility that
previous in vitro work studying mecha-
nisms and properties of phagocytosis of
senescent RBCs may not be relevant,
because senescent RBCs are not directly
phagocytosed. Such concerns may not
affect studies using in vivo clearance from
circulation as a readout but may change
their interpretation around what leads to
adherence to the ECM, leads to be-
coming a ghost, or leads to consumption
once an RBC is a ghost. Of course, the
ghost is derived from the membrane of
the RBC, and changes taking place prior
to becoming a ghost may be what affects
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ghost consumption as well; thus, in vitro
studies may still be relevant, but also
require reinterpretation.

Like most new hypotheses, in addition to
providing some answers to old questions,
this hypothesis leads to new questions. If
themodel of Klei et al is correct, then why
does one observe increased RBC lifespan
(including irregular morphology of old
RBCs) when phagocytes are depleted
from rodents8? Is this observation a
problem for the theory, or does the in-
ability to phagocytose ghosts simply
backup the system, resulting in a satu-
rated ECM to which additional senescent
RBCs can no longer adhere? A second
question is why the lifespan of healthy
RBCs is not increased after splenectomy
(ie, excluding therapeutic effects of
treating RBC abnormalities or autoim-
mune hemolytic anemia); indeed, early
rodent studies showed that RBCs in
splenectomized mice are sequestered
and cleared in the liver.9 However, the
liver has neither fenestrated architecture
nor RPMs. Is there some ECM equivalent
in the liver and is laminan-a5 expressed
there, and if so, where is it in the hepatic
architecture?

In aggregate, Klei et al have made a
fundamental advance in our under-
standing of the process of clearance of
senescent RBCs, which will compel a
reinterpretation of existing data, and
promises to significantly advance the
field going forward.
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CLINICAL TRIALS AND OBSERVATIONS

Comment on Tong et al, page 1632

NextGen CARs: the race is on
Stephen J. Schuster | University of Pennsylvania

In this issue of Blood, Tong et al present the preclinical and clinical development
of an optimized, bivalent tandem CD20/CD19 chimeric antigen receptor (CAR)
construct (see figure). Preclinically, they demonstrated dual-antigen specificity,
enhanced immune synapse formation, and superior antitumor activity
in vitro and in vivo in a murine xenograft model compared with alternative
constructs generated from the same 2 single-chain variable fragment (scFv)
regions derived from Leu-16 (anti-CD20) and FMC63 (anti-CD19) murine
monoclonal antibodies. Next, they performed a phase 1/2a clinical trial of
this construct in patients with relapsed or refractory mature B-cell lym-
phomas or chronic lymphocytic leukemia.1 Their observations suggest that a
single chimeric receptor targeting 2 separate tumor antigens is a safe and
potentially effective CAR T-cell approach with potential to prevent thera-
peutic failure due to single antigen loss by tumor cells after CD19-directed
therapies as well as to enhance the functional activity of the CAR in T cells.

CAR T-cell therapy directed against CD19
has changed the prognosis for relapsed/
refractory aggressive large B-cell lym-
phomas. There are now 2 commercially
available products for this indication:
axicabtagene ciloleucel, approved in the
United States in late 2017 based on
the ZUMA-1 trial,2 and tisagenlecleucel,
previously approved in the United States
in 2017 for relapsed/refractory pediatric/
young-adult B-cell acute lymphoblastic
leukemia (B-ALL) and later approved in
the United States in early 2018 for the
relapsed/refractory diffuse large B-cell
lymphoma indication based on the
JULIET trial.3 In these pivotal trials, long-
term disease-free survival of treated
patients was between 30% and 40%, a
significant improvement over historical
outcomes but clearly with room for im-
provement. In addition, a plateau in
survival curves emerged beyond 6
months; most therapeutic failures oc-
curred within the first 3months of therapy
despite evidence of in vivo expansion of
CAR T cells. With this new therapeutic

approach established, the race began to
understand the mechanisms of resistance
to CAR T cells and to reengineer CARs
based on the identified mechanisms of
resistance. Currently, the development
of next-generation CARs spans the
discovery and preclinical and clinical
phases of development. In addition,
alternative strategies that combine im-
munomodulatory small molecules and
monoclonal antibodies with CAR T cells to
overcome resistance mechanisms and en-
hance effectiveness are in development.4

Among the first observations to suggest
a mechanism of resistance to CD19-directed
CAR T cells in B-cell lymphoma patients
was loss of the CD19 antigen by tumor
cells in biopsies obtained after treatment,
a phenomenon occurring in;20% to 27%
of treatment failures and previously ob-
served in cases of relapsed B-ALL.2,5,6 To
address the issue of single-target antigen
escape, a number of approaches aimed
at targeting multiple antigens have been
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