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Summary

The annual epidemics of respiratory syncytial virus (RSV) infection are prob-
ably explained by poor herd immunity and the existence of a dormant reser-
voir of virus that is activated by an unknown trigger. The virus causes
particular problems in infants, the elderly and patients with chronic obstruc-
tive airways disease (COPD). During two consecutive winters, human
monocyte-derived dendritic cells (DCs) were exposed on a single occasion to
one of two forms of RSV labelled with a fluorescent expresser genes (rgRSV or
rrRSV) during the epidemic season. The cultures were maintained for many
months, with fresh DCs being added at monthly intervals. The cultures were
variously exposed to 600 parts per billion (ppb) nitric oxide for 15 min, nitric
oxide (NO) donors and NO inhibitors outside the RSV epidemic season. The
pattern of productive infection of DCs in vitro appeared to parallel the natural
epidemics, in that DCs exhibited evidence of viral replication and productive
infection only as manifested by intracellular fluorescence and infection of
HeLa cells during the RSV epidemic season. When the long-term cultures
were exposed to the above agents outside the RSV epidemic season there was
again evidence of vigorous replication and productive infection, as shown by
the reappearance of fluorescence and productive infection of HeLa cells. The
results indicate that RSV may remain dormant in dendritic cells for prolonged
periods and that replication appears to be activated by suppression of endog-
enous NO production. These observations may be key to our understanding
of the mechanisms contributing to the annual epidemics of RSV infection.
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Introduction

Respiratory syncytial virus (RSV) is an extraordinarily suc-
cessful respiratory virus that causes annual epidemics of
respiratory disease throughout the world [1–9]. Although
the virus is able to reinfect individuals throughout life, its
greatest impact is in the very young [1–4] and elderly [4,5]
and those with chronic obstructive airways disease (COPD)
[6–8]. It is the most important infectious agent affecting
infants, with RSV-related infection being the most common
cause for hospitalization in this age group. It is responsible
for the majority of cases of acute viral bronchiolitis and
pneumonia admitted to hospital. Over the past decade it
has become clear that the virus also has a major impact on
the elderly [9–11]. In temperate climates the annual epi-
demic commence in late autumn/early winter, rising rapidly
to a peak and then falling away by late spring [1,2,9].

Isolation of the virus in the summer is uncommon, but has
been described in patients with COPD in whom the virus
was identified as commonly in summer as in winter [7]. All
attempts to develop an urgently needed vaccine over the
past four decades have failed, in large part because many
aspects of the virus host interaction are poorly understood
[10].

Epidemiological studies from North America indicate that
the onset and progression of RSV epidemics is remarkably
symmetrical across the continent [2]. Areas separated by
thousands of miles have very similar dates for the onset, peak
and disappearance of the epidemics, indicating that epidem-
ics do not spread across the country but develop locally. The
trigger for the onset of these epidemics and the factors con-
tributing to the disappearance of RSV epidemics remain
obscure. A number of proposed environmental factors such
as temperature, daylight and humidity have been proposed
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as potential triggers, but previous studies have failed to
support these suggestions [9].

An important factor in the development of the yearly
epidemics appears to be the viruses ability to prevent the
induction of effective long-term memory immunity leading
to poor herd immunity. The mechanisms underlying this are
unclear, but there are increasing data that the virus infects
and influences the function of dendritic cells (DCs) [11–13],
the most important antigen-presenting cells in the lung [14].
Poor herd immunity would explain why such a high percent-
age of the population is infected during each epidemic, but it
does not explain the characteristic sudden onset and cessa-
tion of epidemics. It has been suggested that persistent infec-
tion within the airways may act as a reservoir for RSV
transmission [15]. Human RSV (hRSV) has been shown to
persist in the lungs of experimentally infected guinea pigs
[16] and mice [17] for some weeks. However, these animals
are not the natural host for the hRSV and do not develop
lower airways disease when simply exposed to the virus [18].
The animal model related most closely to hRSV-induced
disease in humans is natural bovine RSV (bRSV) infection in
cattle, in which there is indirect evidence of persistent RSV
infection [19]. Significantly, a recent study in human subjects
[7] has provided evidence of persistent of RSV in the airways
of COPD patients. A significant relationship was observed
between persistent infection and rate of decline in lung
function.

Using fluorescent labelled RSV (gift from Mark Peebles) it
became apparent that the virus replicated readily within
human monocyte-derived dendritic cells (MoDCs) during
the RSV epidemic, as evidenced by the production of the
fluorescent label within cells and transmission of labelled
virus to HeLa cells. However, outside the epidemic season
there was no evidence of viral replication, as no fluorescent
label was evident in the DCs and there was no infection of
HeLa cells exposed to the DCs. In a previous observational
study we had also observed that there was an apparent cor-
relation between ambient nitric oxide levels due to pollution,
which peak in the winter, and the numbers of infants admit-
ted to hospital with RSV bronchiolitis [9].

These observations gave rise to the hypothesis that RSV
may both replicate in and persistently infect DCs and that
the rate of replication may be influenced by exogenous
nitric oxide. In order to test this hypothesis, a series of in
vitro experiments were undertaken during two consecutive
winters in which MoDCs were exposed to fluorescent-
labelled RSV during the epidemic season. The appearance
of fluorescence within cells was used to identify activity
gene transcription of the virus; confirmation that viable
virus was being produced was obtained by standard plaque
assays on HeLa cells. The pattern of replication within the
dendritic population during subsequent months was
observed. When there was no evidence of replication the
MoDC populations were exposed to exogenous nitric oxide
(NO), S-nitroso-N-acetylpenicillamine (SNAP) and nitric

oxide synthase inhibitors and their impact on replication of
virus observed.

Materials and methods

MoDCs from a single donor were generated at 28-day inter-
vals using a previously described method [11]. In brief,
mononuclear cells were isolated by density gradient centrifu-
gation over Histopaque 1077 and these were purified further
by magnetic negative selection. To induce differentiation,
the media was supplemented with 40 ng/ml granulocyte–
macrophage colony-stimulating factor (GM-CSF) and
20 ng/ml interleukin (IL)-4 (Biosource Division, Invitrogen
Ltd, Paisley, UK). Cells were cultured at 37°C in 7·5% CO2/
92·5% air for 7 days. Because the cells were isolated from a
single donor the number of cells isolated at the beginning of
the two long-term cultures meant that the number of plates
was limited.

Stocks of both green (rg-RSV) and red (rr-RSV) fluores-
cent protein-expressing laboratory strains of RSV (gifts from
M. Peebles) were prepared by infection of subconfluent
layers of HeLa cells (60–80%), as described previously [11].
The cells were harvested by scraping and RSV virions
released by freeze/thaw and sonication. During the first
winter only rg-RSV was available. When infecting the DCs
during the second epidemic both forms of fluorescent virus
were available.

The virus was purified using a rapid diafiltration system as
described previously [20]. Briefly, a 1/20 dilution of crude
RSV was added to a 1 ¥ 106 kDa pore size Vivaspin-20TM

filters prewashed with serum-free Dulbecco’s modified
essential medium (DMEM) and coated with 0·1% casein
solution. Virus was centrifuged at 2500 g for 40 min at 4°C.
Some stocks of RSV were irradiated in an ultraviolet (UV)
cross-linker for 10 min and used as a negative control.

Viral titres were determined by fluorescent virus titration.
Infectivity was expressed as the number of plaque-forming
units formed per 1 ml of RSV (pfu/ml) [11]. MoDCs were
challenged with 1 ¥ 105 pfu/ml (equivalent to a multiplicity
of infection of 0·1) RSV on day 7 of culture. Half the media
was removed and replace with fresh media. The virus was
then added and cells were incubated as before, with half-
media changes twice weekly.

The viable status of the MoDCs was determined at
4-weekly intervals, prior to the addition of fresh MoDCs,
using Hoechst 33 342 (10 mg/ml) (Sigma Chemical
Company, Poole, Dorset, UK) and propidium iodide (PI)
(20 mg/ml) (Molecular Probes, Cambridge Biosciences,
Cambridge, UK) staining. Cells were visualized under a fluo-
rescent microscope and the number of viable (normal
nuclei, blue), apoptotic (nuclear condensation, blue or pink)
and necrotic (red) cells were determined using a Whipple
graticule.

In order to keep the dendritic cell cultures viable, fresh
MoDCs from the same donor were then added to the
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remaining MoDCs at 4-week intervals. The fluorescent
marker, CellTraceTM (Molecular Probes, Invitrogen Detec-
tion Technologies, Leiden, The Netherlands), was added,
according to the manufacturer’s instructions, to the final
batch of fresh MoDCs prior to their addition to the long-
term cultures in order to determine whether viral replica-
tion in response to NO was occurring in those MoDC
already present in the long-term cultures or in freshly added
cells.

Viral persistence in MoDCs RSV was monitored directly by
washing the cells without any fixing and permeabilizing. The
cells were analysed for fluorescent protein expression. For
intracellular RSV antigen expression MoDCs were fixed/
permeabilized with acetone : phosphate-buffered saline
(PBS) (1 : 1) solution. MoDCs were washed and stained for
30 min at 4°C with 10 mg/ml monoclonal antibody (Novacas-
tra – Antibodies, Newcastle upon Tyne, UK) specific for the
phosphoprotein, fusion protein and nuclear protein of RSV.
Cells were washed and labelled with a fluorescein isothiocy-
anate (FITC) or R-Phycoerythrin (RPE)-conjugated second-
ary IgG antibody (Sigma) for 30 min at 4°C. Cells were
analysed immediately using a Beckman Coulter fluorescence
activated cell sorter (FACSort) flow cytometer (Beckman
Coulter (UK) Ltd., High Wycombe, UK) measuring fluores-
cence emission at 525 or 488 nm, respectively, and by fluores-
cent microscopy.

HeLa cell cultures were maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1%
l-glutamine (Sigma). For plaque assays and co-cultures
HeLa cells were seeded at 2·5 ¥ 104 cells/ml in 96-well plates
and incubated overnight. Serial dilutions of MoDCs �

media were added to wells in triplicate and incubated for a
further 48 h. Cultures were washed gently to remove MoDCs
and then analysed by fluorescent microscopy.

When there had been no evidence of viral replication for
several months the long-term, RSV-infected MoDCs were
exposed to one of two sources of exogenous NO. NO gas,
600 parts per billion (ppb), was pumped directly into the

culture chamber for up to 2 h or the NO donor (+)-S-
nitroso-N-acetylpenicillamine (SNAP) (100 mM) (Calbio-
chem, Merck Chemicals Ltd., Beeston, UK) added to the
culture media. Because exogenous NO has been shown to
inhibit intracellular NO production, an inducible nitric
oxide synthase (iNOS) inhibitor NG-nitro-L-arginine methyl
ester (1 mg/ml) (L-NAME) was added to the culture media
of a third group of long-term cultures.

Ethical approval

Ethical approval from the South Sheffield Research Ethics
Committee was obtained for obtaining blood from a single
volunteer (MLE) to provide all the DCs used in this study.

Results

RSV productively infects MoDCs

RSV infection of MoDCs was established by assessing the
expression of red or green fluorescent protein in MoDCs and
by staining the cells for viral antigen using either fluorescent
microscopy or flow cytometry analysis. In cultures of
MoDCs infected with rg-RSV and rr-RSV a proportion of
the cells fluoresce green and red, respectively (Figs 1a,b, 2),
indicating that RSV is capable of infecting and replicating
within a population of MoDCs. MoDCs that were exposed to
UV-treated rg-RSV did not fluoresce and were very low posi-
tive for RSV antibody, similar to levels seen with unchal-
lenged control cells after 8 months of culture (Fig. 2c). These
data show that MoDCs are susceptible to RSV infection and
that RSV is capable of replicating within them.

To determine further if the infection of MoDCs with RSV
was productive (i.e. viral particles released), washed infected
MoDCs and media conditioned by infected MoDCs was
added to HeLa cell cultures for 24 h. Both washed MoDCs
and conditioned media were able to infect HeLa cells
(Fig. 1c).

Fig. 1. Productive infection of human

monocyte-derived dendritic cells (MoDCs) by

respiratory syncytial virus (RSV). MoDCs were

infected with rg-RSV for 24 h and analysed

using a Leica fluorescent microscope. (a)

Infection of MoDC clusters with replicating

rg-RSV (10¥ magnification). (b) Single MoDC

with dendrites infected with rg-RSV (40¥
magnification). (c) MoDCs challenged

previously with rg-RSV co-cultured with

HeLa to determine productive infection. From

left to right, co-cultures with unwashed

rg-RSV-infected MoDCs, washed

rg-RSV-infected MoDCs and rg-RSV-infected

MoDC conditioned supernatant only.

(a)

(c)

(b)

RSV, DCs and nitric oxide
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RSV persistently infects MoDCs

Long-term cultures of MoDCs infected with RSV were
analysed from January 2005 to November 2005 with rg-RSV
and from November 2005 to August 2006 with rr-RSV. The
viable state of the long-term cultures was determined at
4-weekly intervals prior to the addition of fresh cells. The
number of viable MoDCs ranged from 40% to 80% of the
total population (Fig. 3a–c). It would appear that where
there was a decrease in viable cell number the cells were
dying through increased necrosis. The number of apoptotic
cells remained below 30% for the entire culture period.

RSV replication of infection of MoDCs was detected
by fluorescent microscopy for approximately 5 months
(January–May 2005 and November–April 2005–06) (Fig. 2a)
Productive RSV infection of HeLa by infected MoDCs was
detected for a further month in both years (Fig. 2b). Further-
more, using antibodies to RSV proteins, RSV antigens could
be detected by flow cytometric analysis throughout the
culture period (Fig. 2c). These data suggest that RSV infects
MoDCs in vitro persistently for long periods.

Exogenous NO induces viral replication of persistently
infected MoDCs

It was hypothesized that the persistent infection of DCs may
allow the virus to remain dormant within the population
throughout the summer and that an exogenous environ-
mental stimulus induces viral replication during the autumn
months. To test this hypothesis the long-term cultures of
RSV-infected MoDCs were exposed to exogenous NO and an
NO synthase inhibitor. When cells were exposed to NO or
cultured in the presence of SNAP or L-NAME viral replica-
tion could be detected within 24 h (Fig. 4). Visually, there
appeared to be a higher number of fluorescent MoDCs (red
or green) in cultures exposed to NO compared to both SNAP
and L-NAME and no fluorescence was detected in control
unchallenged MoDCs. These data are consistent with the
flow cytometry data, showing that RSV remains within the
MoDCs throughout periods when replication cannot be
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detected and that exogenous NO or an iNOS inhibitor is
capable of inducing the replication of this non-replicating
form.

L-NAME induces productive replication of RSV in
long-term MoDC cultures

To determine if the persistent infection of MoDCs was con-
fined to cells isolated from ‘old’ isolation or if ‘new’ cells
were infected, CellTrace was added to freshly differentiated
MoDCs. The labelled MoDCs were then added to rr-RSV-
infected long-term cultures in which viral replication could
no longer be detected by fluorescent microscopy. The NO
synthase inhibitor, L-NAME, was added 4 h later. Using fluo-
rescent microscopy and flow cytometry viral replication was
monitored at 24-h intervals after the addition of fresh
MoDCs. The freshly isolated MoDCs were identified by
tracking the CellTrace marker and fluoresced green; cells
containing rr-RSV fluoresced red. After 24 h only a small
percentage of cells in all cultures were labelled with CellTrace
and fluorescing red (Table 1). These data would suggest that
it is only the ‘old’ cells that are infected with virus. However,
72 h after NO exposure almost 100% of MoDCs were
necrotic, as detected by Hoechst/PI staining, but interest-
ingly the majority were fluorescing red, indicating that pro-
ductive viral replication was induced or that virus was
released due to cell death (data not shown).

Discussion

These experiments would indicate that human RSV is able to
both infect productively and lie dormant within human DC.
The time–course of alternating active replication and dor-
mancy observed in vitro replicates the pattern of RSV infec-
tion observed in the community. The data also indicate that
replication of apparently dormant virus can be triggered by
exogenous sources of NO and iNOS inhibitors. In addition,
it would appear that the persistence of virus in DC involves
inhibition of apoptosis. In the laboratory we were able to
demonstrate active replication of the virus in human DC
during both the winter epidemic seasons. During each of the
two summers there was no evidence of replication in the
DCs, although HeLa cells exposed to the virus were able to
support replication at apparently the same levels as observed
during the winter. The response to exogenous NO and NOS
inhibitors resulting in the rapid appearances of viral replica-
tion was also evident in both years, providing consistent
results across a prolonged period of time.

The clinical significance of these results are that they
imply that the virus may lie dormant between epidemics
within airways DCs of previously infected individuals. The
potential importance of DCs as a reservoir for the virus is
highlighted by reports that indicate that DCs appear rapidly
in large numbers in the airways of infected infants [21]. The
increase in DC numbers does not appear to be transient, as

Fig. 4. Exogenous nitric oxide induces the

replication of respiratory syncytial virus (RSV)

in monocyte-derived dendritic cells (MoDCs).

Exogenous nitric oxide (NO) was added to

long-term cultures when MoDCs containing

replicating virus could no longer be detected

using fluorescent microscopy. Digital images

using phase contrast (left column), green

(rg-RSV, middle column) and red fluorescence

(rr-RSV, right column) are shown of cells

exposed to (a) NO gas, (b) NO donor

(S-nitroso-N-acetylpenicillamine) and (c)

NG-nitro-L-arginine methyl ester (1 mg/ml)

(L-NAME). Images represent typical data from

the 2 years.

(a)

(b)

(c)

Table 1. Tracking of respiratory syncytial virus (RSV) infection in persistently infected monocyte-derived dendritic cells (MoDCs).

–L-NAME +L-NAME

Control +RSV Control +RSV

F12 mean fluorescence (rr-RSV) 14·21 17·23 15·33 42·72

F11 mean fluorescence (CellTrace) 87 78 88 89

Percentage of cells F11 + F12 positive (fresh cell infected with RSV) 0·11 0·13 0·20 0·18

Freshly differentiated MoDCs were labelled with CellTrace and added to persistently infected MoDC cultures and viral replication induced by the

addition of NG-nitro-L-arginine methyl ester (1 mg/ml) (L-NAME). Mean fluorescence values indicate that L-NAME induces viral replication and that

after 24 h viral infection and replication in confined to the old cells.

RSV, DCs and nitric oxide
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even higher numbers of myeloid and plasmacytoid DCs were
observed in the airways of these infants many weeks after
the acute symptoms had resolved [21]. Similar observations
have been made in an experimental rodent model [22].
Immunochemistry analysis of nasal secretions obtained
from the RSV-infected infants demonstrated the presence of
the RSV fusion protein in some of the DCs [21].

Our results would also suggest that it is possible that
replication of the virus could be triggered by exogenous
NO from environmental sources. This may occur on a
population basis when ambient NO levels rise in the late
autumn and winter, which may be a trigger initiating the
annual epidemics. It may also occur on individual basis, as
occurs in subjects who smoke, and this may explain why
virus is detectable in the summer among patients with
COPD.

The pattern of viral replication within DCs during the
winter epidemic and dormancy in the summer was observed
with two viruses over two seasons. Productive infection of
DCs during the epidemic months was confirmed by plaque
assay using HeLa cells which were infected readily by both
exposure to cells and to the supernatant from the DC
cultures. The dramatic and very rapid explosion of viral
replication within MoDCs exposed to NO, an NO donor and
to NOS inhibitors when the virus was apparently dormant
would suggest that NO has a major role in modulation of
replication. It has been shown previously that as with other
respiratory viruses, RSV infection induces the production of
NO by a number of cells in the airways [23–25] and that the
NO produced has important anti-viral and immune modu-
lating properties [25–29]. Several studies have indicated that
endogenously generated NO has a role in limiting intracel-
lular replication of RSV [26–28], but this was not observed
with exogenous NO [26]. It has also been shown that exog-
enous NO can down-regulate intracellular NO production
by NOS [30,31], and this is probably directly relevant to our
observations. The effectiveness of the NOS inhibitor would
suggest that down-regulation of intracellular NO produc-
tion by exogenous sources of NO may explain how the virus
is released for a period of dormancy.

It is clear from these results that viable virus remains
within the MoDC population for many months, despite the
absence of any discernable evidence of viral replication. This
may be because of very low-grade replication leading to
infection of freshly added MoDCs each month or due to
prolongation of the life of infected MoDCs. While these
experiments do not establish beyond doubt that the RSV
infection of DCs inhibits cell death, the data suggest that this
may be the case. Infected MoDCs survive for significantly
longer that those not exposed to virus even in the absence of
fresh DC (Fig. 3a). Much more persuasive are data presented
in Table 1, which indicate that initially those cells in which
replication of virus is triggered by the NO donor and NOS
inhibitor are from previous cultures and not the freshly
added MoDCs labelled with CellTrace.

Other viruses, such as herpes simplex (HS), are known to
adopt a similar strategy with prolonged periods of dormancy
[32,33]. HS inhibits apoptosis of neuronal cells, promoting
its ability to lie latent within the cells for long periods. It has
been shown recently that the latency associated transcript Mi
RNA inhibits apoptosis by modulation of transforming
growth factor (TGF)-b signalling [32]. It is also known that
the measles virus, which like RSV is a paramyxovirus, can lie
dormant in neurones for many years. RSV may adopt a
similar approach both in DCs and possibly in other cells. The
inflammatory response in the airways of infants with RSV
infection is dominated by an intense neutrophil influx [34],
and in vivo studies have indicated that apoptosis of neutro-
phils is inhibited by factors in the airways of these infants
[35]. In vitro work has also indicated that granulocyte
apoptosis can be inhibited by factor(s) released by infected
cells [36] (Coleman, unpublished data). A recent study in a
mouse model suggested that the virus may infect neurones
and the authors suggested that this may contribute to per-
sistence of the virus [37], although this study did not address
the issue of cell survival. Whether the factor(s) influencing
apoptosis in DCs are the same as those affecting granulocytes
is unclear. An alternative explanation for RSV persistence in
these experiments is that the virus replicates at extremely low
levels and infects new DCs added at monthly intervals. The
failure to detect any fluorescence at all and the inability to
infect the HeLa cells would argue against this, but further
work is required. A further potential limitation is that the
work was undertaken with MoDCs from a single donor.
However, it seems very unlikely that there is anything unique
about this individual’s cells and the findings from the first
year were replicated in the experiments undertaken in the
second year. Further studies replicating these results with
other volunteers are under way.

As noted above, the potential implications for this work
are considerable. The results could explain a number of the
many unusual features that characterize the cycle of annual
epidemics due to RSV. It should also lead to further insights
into the impact of the virus on the immune response. Unlike
other pollutants, such as PM10s and ozone, NO levels peak
in the winter and fall to very low levels in the summer [38],
proving a plausible link between our observations that exog-
enous NO can stimulate replication of dormant virus and
the winter epidemics of RSV respiratory illness. While there
do not appear to be major differences in the pattern of epi-
demics over large distances, epidemiological studies have
indicated that there are important differences in the severity
of disease experienced by infants from geographically dis-
tinct areas. Those from industrialized areas are more than
twice as likely to be admitted to hospital as those from rural
or non-industrialized areas [39,40]. Environmental moni-
toring indicates that NO levels in industrialized areas are
considerably higher than those observed in urban areas,
which in turn are higher than those in rural areas. Thus, local
ambient NO levels might provide not only an explanation
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for the pattern and timing of the RSV season; it may also
explain, in part, differences in disease severity between areas.
Other factors such as overcrowding are also likely to
contribute. Further evidence that environmental factors may
influence disease severity comes from studies assessing the
impact of indoor pollutants. Factors such as parental
smoking [41,42] and the use of wood-burning stoves [43]
increase both the risk and severity of RSV infections in
infants. A recent study noted that in contrast to other forms
of respiratory illness, the severity of RSV-related lower
airways infection is associated with postnatal rather than
in utero exposure [41]. In a second study there was clear
evidence that hospitalization with RSV bronchiolitis was
associated with acute exposure to high concentrations of
cigarette smoke [42]. Evidence that pollutants may influence
disease severity in RSV-related respiratory disease was also
obtained in a study of older asthmatic children [44].
Increased exposure to NO2 was associated with more severe
exacerbations when infected with respiratory viruses. A
recent study provided evidence of persistent viral infection
in patients with COPD [7]. Our results would provide a
biologically plausible mechanism, with smokers exposing
themselves to levels of NO in excess of those used in this
experiment and for much longer periods than the 15 min of
exposure used in these experiments.

In summary, we have shown that replication of RSV in
human MoDCs in vitro appears to vary in parallel to the
natural epidemic, with rapid productive infection during the
winter and apparent dormancy during the summer. Exog-
enous NO can trigger replication and this appears to be due
to inhibition of endogenous NO production, as suggested by
the use of a NOS inhibitor. Understanding the interaction of
virus both in its replicating and dormant phases on DC
function and survival may lead to novel forms of treatment
and, indeed, prevention.
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