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Cone fusion confusion in photoreceptor transplantation
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Advances in stem cell biology have highlighted the potential
for the eye as an ideal model in which to understand the
mechanisms of neuronal repair. It is therefore not entirely
surprising that the first reported allograft from one human
to another also occurred in the eye, but over 100 years ago,
with the successful corneal transplant performed by Eduard
Zirm (1). Later in the 20" Century, Peter Medawar and
colleagues identified the mechanism of immune rejection
that prevented survival of skin grafts and whole organ
transplantation (2). That led to the first successful kidney
transplant in 1955 but between identical twins, thereby
proving that the process was surgically feasible when host
and donor tissue were genetically matched (3). Immune
rejection did however remain the major obstacle to allograft
transplantation for a number of years until the discovery
of cyclosporine by Jean-Francois Borel whilst working for
Sandoz Laboratories in 1969 (4). Although the commercial
applications were at the time limited, Roy Calne and David
White in the UK tested the newly discovered cyclosporine
and found that it prevented transplanted organ rejection (5).
The drug was subsequently approved by the US Food and
Drug Administration (FDA) for use in transplant patients
in 1983, thereby revolutionising the success of organ
transplantation to the point where it has almost become a
routine procedure.

Cyclosporine acts primarily on T-cells by reducing
expression of Interleukin 2 (IL2), a cytokine that activates
a whole range of actions against foreign cells, including
CDS8 positive T cell and NK cell cytolytic activity (6,7).
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In the report by Zhu and colleagues (7), the cyclosporine
mechanism on immune tolerance is refined further by
targeting the IL2- receptor gamma (ry). Mice deficient
of IL2ry are immune-compromised. Indeed the naturally
occurring deficiency of the corresponding gene in
humans (IL2RG) leads to X-linked severe combined
immunodeficiency (SCID), which is itself a disease target
for both haemopoetic stem cell and gene therapies (8). The
gamma subunit of IL2 activates the intracellular signalling
molecules such as Janus kinase (JAK) 3 and the signal
transducer and activator of transcription (STAT) proteins,
which drive T-cell stimulation (9). This should in theory
provide the ideal host background in which to assess the
integration and function of transplanted photoreceptor
precursor cells, but without the variable of T-cell mediated
graft rejection. Most importantly however, the IL2ry-null
mouse permits assessment of xenographs of human-derived
donor cells in an immune-privileged host and provides
insight into how human cells might behave in clinical use. It
may therefore provide a preclinical model to facilitate future
clinical trials of photoreceptor transplantation as a potential
treatment for blindness. Although the subretinal space is
to some extent immune privileged (10), this is most likely
lost in the photoreceptor transplantation paradigm, because
there will be focal disruption of the blood-ocular barriers
induced by surgical trauma and inflammation resulting from
retinal degeneration.

Zhu and colleagues crossed the IL2ry-null mouse onto
the Crx knockout, thereby creating an immune-privileged
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host with a severe outer retinal degeneration — similar in
the latter case to the human variant of retinitis pigmentosa
(RP) (7). They derived human retinal donor cells from
human embryonic stem cells (hESCs) using an established
protocol based on inhibition of BMP and WNT'T signalling
pathways. The cells were labelled with green fluorescent
protein (GFP) using a lentivirus and a strong ubiquitous
human elongation factor (hEF) lo promoter. The cells
(500-750,000 per eye) were transplanted subretinally via
a transcorneal approach and the retinas were examined at
6 weeks post-injection. They reported that, “GFP+ donor
buman retinal cells integrated within the outer nuclear layer
(ONL) of the recipient retina and exhibited an unambiguous
photoreceptor morphology with properly orientated photoreceptor
segments and synaptic endfeet”. In retrospect however this
seems implausible, because human cells would not only
need to have the capacity to integrate into the host retina
by some means of locomotion and without disrupting the
surrounding milieu, but they would also need then to adopt
the identical morphology of mouse rod photoreceptors.
Human photoreceptors are heterogeneous in size (11).

Unfortunately around the time of submission of this
otherwise extremely well presented study, cytoplasmic cell
fusion was identified as leading to a transplantation artefact
in which host cells are labelled with fluorescent markers
present in the donor cells. The mechanism whereby
cytoplasmic exchange of proteins may occur between
transplanted photoreceptors residing in the subretinal space
and host photoreceptors in the outer nuclear layer (ONL)
was first proposed by Mandeep Singh and colleagues using
confetti mice (12). With discordant genetic fluorescent
markers in host and donor cells, they showed not only
double labelling, but also radial alignment of labelled retinal
cells in the ONL with the same colour cell residing in
the subretinal space (12). The mechanism of cytoplasmic
fusion was subsequently verified and published in three
seminal papers in Nature Communications at the end of
2016 (13-15). This observation has now overturned many
of the key papers that had set the field of photoreceptor
transplantation up to that point.

The report by Zhu and colleagues addressed the
question of cell fusion in two ways (7). In the first instance
they were unable to identify any cells with double nuclei.
Polyploidy was previously identified as the mechanism
of haemopoetic cell fusion and transfer of donor cell
markers (16), but photoreceptor transplantation is different,
because the host and donor cells make contact via the
cytoplasm and exchange proteins whilst each maintains a
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separate nucleus (12-15). In the second instance, they used
antibodies to a human stem cell marker STEM121 (SC121)
to confirm that the green fluorescent ONL photoreceptor
cells were human derived. This too is misleading, because
SC121 is a cytoplasmic protein and would therefore diffuse
into host cells by the very same mechanism of cytoplasmic
exchange. A much better marker would be human nuclear
antigen, which is confined to the nucleus and would
therefore have a much stronger signal in the host ONL if
these were indeed human cells (17). In one of the earliest
papers on photoreceptor transplantation, the issue of fusion
was addressed by using bromo-deoxyuridine (BrDU) to
label mouse donor nuclei, proving that photoreceptors can
be transplanted when injected directly into the degenerating
ONL (18). In retrospect however the BrDU example shown
in that paper differed from the fusion examples in being an
isolated single cell rather than a cluster and with a slightly
abnormal cell body profile (18). Zhu and colleagues also
show green fluorescent cells labelled with cone opsin and
PNA, but the nuclei of these cells are at the outer limiting
membrane where host cones ordinarily reside (7). Cones are
born before rods and are passively displaced to this outer
retinal position as a result of the massive rod neurogenesis
during post-natal development. Hence, is it confusing to
explain how a transplanted cone would know exactly where
to locate its nucleus—the only logical explanation is fusion
and cytoplasmic labelling of a host cone that is already in
place.

It is still plausible that photoreceptors might be
transplanted, albeit in smaller numbers than previously
believed. Furthermore it is highly likely that transplanted
cells will have an abnormal morphology and will not be fully
integrated into the host structure. Experiments in hosts that
have no ONL—similar to end stage retinal degeneration in
humans—are not only less likely to be subject the cell fusion
artefact, but also provide more appropriate models of the
human disease (17). There are many good examples going
back over 25 years on how photoreceptor transplantation
might work in this scenario (19-22). The use of immune
suppression in these degenerate hosts, as shown in the
study by Zhu and colleagues (7), is likely to yield even
more helpful information on the behaviour of transplanted
human photoreceptor cells as we move into clinical trials.
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