
studies, however, have established that calcite
dissolution is surface-controlled (i.e., not mass
transport–limited) at pH > 4 (17, 21), a condition
that was nominally satisfied in our experiments.
The prevalence of front instabilities when the
system is constantly driven by the beam probe
suggests that they represent a mode of mineral/
water interface reaction dynamics at conditions
far from equilibrium (19). These instabilities there-
fore represent a dynamical signature of the onset
of transport limitations and other dissipative
processes at mineral/water interfaces.
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NEURODEVELOPMENT

A mechanism for the segregation of
age in mammalian neural stem cells
D. L. Moore,1 G. A. Pilz,1 M. J. Araúzo-Bravo,2,3 Y. Barral,4 S. Jessberger1*

Throughout life, neural stem cells (NSCs) generate neurons in the mammalian brain. Using
photobleaching experiments, we found that during cell division in vitro and within the
developing mouse forebrain, NSCs generate a lateral diffusion barrier in the membrane of
the endoplasmic reticulum, thereby promoting asymmetric segregation of cellular
components.The diffusion barrier weakens with age and in response to impairment of
lamin-associated nuclear envelope constituents.Weakening of the diffusion barrier disrupts
asymmetric segregation of damaged proteins, a product of aging. Damaged proteins are
asymmetrically inherited by the nonstem daughter cell in embryonic and young adult NSC
divisions, whereas in the older adult brain, damaged proteins are more symmetrically
distributed between progeny. Thus, these data identify a mechanism of how damage that
accumulates with age is asymmetrically distributed during somatic stem cell division.

N
eural stem cells (NSCs) continue to give
rise to new neurons throughout life in
distinct areas of the mammalian brain,
such as the hippocampal dentate gyrus
(1). Adult neurogenesis results in exchange

of hippocampal neurons over the human life
span and has been implicated in hippocampus-
dependent learning and memory (1, 2). Failing
or altered neurogenesis has been associatedwith
a number of neuropsychiatric diseases such as
major depression and epilepsy (1). The number
of neurons generated is dynamically regulated.
Advancing age, for example, correlates with a
decline in NSC proliferation and neurogenesis,
suggesting that the capacity of self-renewing
NSCs to generate progeny diminishes with age
(3, 4). However, the cellular mechanisms govern-
ing long-term self-renewal of hippocampal NSCs
andmediating the age-associated decline of their
neurogenic potential remain unknown.
Budding yeast establish a lateral diffusion

barrier during cell division in the membrane of
the endoplasmic reticulum (ER) that functions
in part to segregate senescence factors, such as
extrachromosomal DNA circles and protein ag-
gregates, asymmetrically between the mother
and daughter cell, leading to similar behavior
of daughter cells independent of the age (i.e.,
the number of cell divisions that had occurred
prior) of the mother (5, 6). Asymmetric distri-
bution of senescence factors has been also de-
scribed in Drosophila somatic stem cells, as well
as inmammalian cells such as human embryonic
kidney (HEK) 293T cells and human embryonic
stem cells (7–9). We asked whether asymmetric
segregation of senescence factors is associated
with diffusion barriers in mammalian cells.

To investigate whether rodent NSCs form a
diffusion barrier in the ER membrane, we first
used fluorescence loss in photobleaching (FLIP)
experiments to visualize exchange of ER proteins
between future daughter cells during cell divi-
sion (10).We used green fluorescent protein (GFP)–
tagged reporters of the ER lumen [using the
ER-retrieval amino acid sequence Lys-Asp-Glu-
Leu (KDEL); LumER-GFP] and the ERmembrane
(Sec61a; MemER-GFP) (10). NSCs expressed
mCherry-tagged histone H2B to facilitate cell
cycle stage identification. We performed FLIP
experiments using NSCs isolated from the adult
rat dentate gyrus, beginning in anaphase and
continuing through the end of telophase. A small
region was repetitively photobleached while the
fluorescence intensity was measured in the two
future daughter cells, separated by the cleavage
plane (Fig. 1, A and B, and fig. S1A). Photo-
bleaching of LumER-GFP resulted in a comparable
loss of fluorescence in the bleached and un-
bleached daughter cells (Fig. 1, A, C, D, and F,
fig. S1, A to C, and movie S1). In contrast, FLIP of
MemER-GFP revealed loss of fluorescence up to
the cleavage plane; the opposite daughter com-
partment was unaffected (Fig. 1, B, C, E, and F,
fig. S1, A to C, and movie S2). The compartmen-
talized loss of fluorescence was not due to the
distance of the photobleached area relative to the
analyzed area, as bleaching regions medial to
segregating chromosomes and close to the cleav-
age plane gave similar results (Fig. 1, G to J, fig. S1,
D to I, and movies S3 and S4). Thus, NSCs
establish a diffusion barrier relative to the cleav-
age plane that is present during cell division.
We next analyzed whether the strength of the

underlying barrier is dynamically regulated with
age. To confirm that in vitro aged NSCs retain
some of their in vivo characteristics, we per-
formed a 5-ethynyl-2´-deoxyuridine (EdU) pulse
in hippocampal NSCs isolated frommiddle-aged
(9-month-old) mice and young (1.5-month-old)
mice. Analogous to the in vivo situation, aged
NSCs in vitro were less proliferative than young
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NSCs (fig. S2, A to C). Old NSCs retained their
neurogenic potential and showed gene expres-
sion profiles comparable to those of young
NSCs (fig. S2, D and E, and table S1). However, in
old NSCs, fluorescence substantially decreased
not only in the bleached but also in the un-
bleached compartment upon continuous FLIP
photobleaching of MemER-GFP (Fig. 2, A to E,
and movies S6 and S8), indicating that the dif-
fusion barrier weakens with age. Reduced ER
compartmentalization in old NSCs was inde-
pendent of potential age-associated alterations
of cellular diffusion properties as measured by

fluorescence recovery after photobleaching (FRAP)
of MemER-GFP (fig. S2, G to J) and was also
independent of anaphase-telophase duration
(fig. S2F). No difference was seen between old
and youngNSCs in LumER-GFPFLIP experiments
(fig. S2, K to O, and movies S5 and S7). Thus, the
strength of the diffusion barrier decreases with
age in mouse NSCs.
We next aimed to identify the molecular re-

quirements of the mouse diffusion barrier. We
focused on lamin-associated components of the
nuclear envelope that become part of the ER
during mitosis in mammalian cells (11). To dis-

rupt lamin function in NSCs, we overexpressed
a dominant-negative mutant form of lamin A
called progerin that causes Hutchinson-Gilford
progeria syndrome, a disease of premature aging
(12). Retrovirus-mediated overexpression of pro-
gerin in young NSCs recapitulated the weakened
diffusion barrier observed in old NSCs and led
to reduced compartmentalization of fluores-
cence upon FLIP of MemER-GFP (Fig. 2, G, I,
and J, fig. S3A, andmovie S12), whereas control
virus overexpression had no effect on the barrier
(Fig. 2, F, H, and J, fig. S3A, and movie S10). The
increased loss of fluorescence in the unbleached
compartment in progerin-overexpressing cells
was not due to a difference in the duration of
anaphase-telophase (fig. S3B), nor to changes in
the diffusion rate of MemER-GFP as measured
by FRAP (fig. S3, C to F). Likewise, the dynamics
of LumER-GFPwere not altered by progerin over-
expression (fig. S3, G to I, andmovies S9 and S11).
Progerin-mediated reduction in barrier strength
was associated with decreased proliferation of
young NSCs similar to that observed in old NSCs
(fig. S3J). Thus, lamin-dependent mechanisms
are required for proper barrier function and pro-
liferation of cultured NSCs.
We next investigated whether NSCs establish

a diffusion barrier when dividing within their
endogenous niche. Because of the current tech-
nical limitations of imaging NSCs within their
adult hippocampal niche, we switched to em-
bryonic NSCs and electroporated embryonic
day 13 (E13) mouse embryos with LumER-GFP
orMemER-GFP constructs (13). Ex vivo slices were
generated at E14, and longitudinal imaging of
apical progenitors (radial glia NSCs) and basal
progenitors, identified by mitotic positioning
relative to the ventricular surface, began after
1 day in vitro. Because of the heterogeneity of
proliferating NSCs in the developing cortex (14),
we performed single-trace analyses of fluorescence
intensity differences between the unbleached and
bleached compartments for every cell upon FLIP
experiments in apical and basal progenitors (fig.
S4, A and B). FLIP of LumER-GFP showed no
compartmentalization of fluorescence in either
apical or basal progenitors (Fig. 3, A and C to F,
fig. S4, A to F, and movies S15 and S18). Loss of
fluorescencewithMemER-GFP FLIP experiments
was compartmentalized in 26% of the analyzed
apical progenitors and 24% of the analyzed basal
progenitors, whereas the remainder of theMemER-
GFP apical and basal progenitors showed no dif-
fusion barrier (Fig. 3, B to F, fig. S4, A to E, and
movies S13, S14, S16, and S17). Thus, these find-
ings reveal the existence of a diffusion barrier in
subsets of apical progenitors and basal progen-
itors within their endogenous niche. Differential
establishment of a diffusion barrier may contrib-
ute to the heterogeneity of apical and basal pro-
genitors in the developing cortex (14).
We next asked which cellular components

the barrier might segregate. In budding yeast,
senescence factors such as damaged proteins
and extrachromosomal DNA circles become asym-
metrically segregated during division (6, 15, 16).
Thus,we analyzed thedistribution of ubiquitinated
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Fig. 1. Mammalian NSCs establish a lateral diffusion barrier based in the ER membrane during
mitosis. (A) FLIP experiments in rat NSCs overexpressing LumER-GFP (green; targeted to ER lumen)
or (B) MemER-GFP (green; targeted to ERmembrane) with histone H2B-mCherry (red; DNA). Note the
compartmentalized loss of fluorescence with MemER-GFP bleaching that occurs selectively on the
bleached side of the dividing NSC.White outline indicates bleached region of interest (ROI). (C) Sche-
matic illustrating the ROI (dashed line) repeatedly bleached in rat NSCs during time-lapse imaging for
(D) to (F). Fluorescence was measured on each side of the presumptive cleavage plane throughout
division, beginning in early tomid-anaphase. (D andE) Average fluorescence intensity at each time point
in bleached (red) and unbleached (blue) compartments for LumER-GFP (n = 19 cells) (D) andMemER-
GFP (n = 18 cells) (E); values are mean ± SEM. (F) Quantification of barrier strength at time t = 80 s
derived from nonlinear fitted curves from (D) and (E) for LumER-GFP (black bar) and MemER-GFP
(white bar; unpaired t test; mean ± SEM). (G) Schematic depicting the ROI (dashed line) for inner
bleaching experiments used in (H) to (J). (H and I) Quantification of fluorescence loss over time for
LumER-GFP (n = 20 cells) (H) and MemER-GFP (n = 22 cells) (I) when ROI is close to the cleavage
plane (mean ± SEM). Bleaching began later in anaphase for an optimal ROI medial to the chromosomes,
thus leading to shorter imaging length and reduced final values of total bleaching. (J) Quantification of
barrier strength at t= 80 s based on fitted curves for LumER-GFP (black bar) andMemER-GFP (white bar)
after inner ROI bleaching (unpaired t test; mean ± SEM). Scale bars, 10 mm. ****P < 0.0001.
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Fig. 2. The strength of the NSC diffusion barrier is weakened with age
and overexpression of the lamin A mutant protein progerin. (A and B)
Time course of fluorescence loss during FLIP of MemER-GFP (green) in young
(A) and old (B) mouse NSCs. Note the loss of fluorescence in both compart-
ments in old NSCs as compared to young. White outline indicates bleached
ROI. (C and D) Quantification of fluorescence intensities in bleached (red) and
unbleached (blue) compartments for MemER-GFP in young NSCs (n = 35
cells) (C) and old NSCs (n = 35 cells) (D); values are mean ± SEM. (E) Quan-
tification of barrier strength of MemER-GFP at t = 80 s derived from nonlinear
fitted curves from (C) and (D) (unpaired t test; mean ± SEM). (F and G)

Representative images of a time course of fluorescence loss during FLIP of
MemER-GFP (green) in young NSCs transduced with control virus (F) or pro-
gerin (G). White outline indicates bleached ROI. (H and I) Quantification of
fluorescence intensity in bleached (red) and unbleached (blue) compartments
for MemER-GFP in young NSCs transduced with control virus (n = 18 cells) (H)
and progerin (n = 14 cells) (I); values aremean ± SEM. Progerin overexpression
results in reduced compartmentalization of fluorescence loss. (J) Quantifica-
tion of the barrier strength of MemER-GFP at t = 80 s taken from nonlinear
fitted curves created from (H) and (I) (unpaired t test; mean ± SEM). Scale
bars, 10 mm. ****P < 0.0001.

Fig. 3. Subpopulations
of NSCs in the develop-
ing mouse cortex pos-
sess a lateral diffusion
barrier during mitosis.
(A andB) Time course of
fluorescence loss during
FLIP of LumER-GFP (A)
and MemER-GFP (B) in
basal progenitor (BP)
cells of the developing
cortex (E14+1 day
in vitro). Note the com-
partmentalized loss of
fluorescence with
MemER-GFP bleaching
selectively on the
bleached side of the
dividing NSC. Dashed
lines indicate the cell of
interest; white outline
indicates bleached ROI.
(C) Single-cell fluores-
cence traces plotting the
difference in fluores-
cence intensity between the unbleached and bleached compartment at
each time point reveal a compartmentalized loss of fluorescence upon FLIP
in this MemER-GFP+ BP (B) but not the LumER-GFP+ BP (A). (D and E)
Averaged single cell traces of the difference in fluorescence intensity of
MemER-GFP between unbleached and bleached compartments during FLIP
for each imaged BP (n = 21 cells) (D) and apical progenitor (AP; n = 13 cells)

(E) reveal subpopulations that have barrier formation (red lines) and those
with no barrier formation (gray lines) relative to LumER-GFP FLIP traces
(black lines; n = 9 cells AP, n = 12 cells BP). (F) Quantification of barrier
strength at t = 150 s derived from one-phase association fitted curves
created from (D) and (E) (unpaired t test; mean ± SEM). Scale bars, 10 mm.
****P < 0.0001.
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proteins in dividing NSCs. As in mammalian
stem cell populations in vitro and D. melano-
gaster embryos (7, 8), youngmouse NSCs displayed
asymmetric segregation of ubiquitin (indicative
of protein damage) in late stages ofmitosis (Fig. 4,
A to C). This asymmetry was reduced in old NSCs
(Fig. 4, A to C). Overexpression of progerin phe-
nocopied the effect of aging and led to a more
symmetric segregation of ubiquitinated proteins
(Fig. 4, D to F). Thus, a weaker barrier correlates
with more symmetric distribution of damaged
proteins with age.
To elucidate the functional consequences of

asymmetric segregation of damaged proteins
in NSCs, we established a live sensor allowing
for single-cell monitoring of damaged protein
segregation. Because overexpression of the sen-
sor GFP-ubiquitin (17) induced cell death in NSCs,
we made use of the intermediate filament pro-
tein vimentin, which asymmetrically segregates
with misfolded proteins during cell division (9).
Immunostaining of vimentin and ubiquitin in
young NSCs revealed asymmetric distribution of
vimentin during late mitosis. Vimentin cosegre-
gated with ubiquitin 95.5 ± 0.8% of the time (fig.
S5, A and B). Similarly, overexpressed vimentin-
eGFP segregated asymmetrically in mitotic NSCs,
cosegregating with endogenous ubiquitin 70.8 ±
0.9% of the time (fig. S5, C to E), andwas not toxic
to the cells. Thus, we asked whether asymmetric
segregation of vimentin-eGFP in young dividing
NSCs is associated with cell cycle length. Wemea-
sured asymmetry of vimentin-eGFP at the first
anaphase and calculated the length of time until
the next division for each daughter cell. In 63%
of dyads (P < 0.05), the daughter NSC that re-
ceivedmore vimentin-eGFP took longer to divide
than its sister cell (fig. S5F and movie S19). Thus,
for rodent NSCs as for human embryonic stem
cells, HEK293T cells, and certain cancer cells
(7, 9), ubiquitinated or damaged proteins reduce
the rate of proliferation.
To analyze the asymmetric segregation of

damaged proteins in situ, we electroporated E13
mouse embryos with vimentin-eGFP, performed
slice cultures at E14, and began longitudinal
imaging overnight. In apical progenitor divi-
sions, the nonstem daughter cell inherited more
vimentin-eGFP relative to the total amount of
vimentin-eGFP, indicating that the stem cell gives
away the ubiquitinated proteins to its more
committed progeny (Fig. 4, G andH, andmovie
S20). This further supports the finding that
NSCs that receive a greater amount of ubiquiti-
nated proteins have a longer cell cycle duration,
as the apical progenitor nonstem daughter cells
have a lengthening of the cell cycle associated
with fate restriction (18). To investigate damage
segregation in the adult brain, we performed im-
munostaining on brain slices of nestin-GFPmice
at 6 weeks and 12 months of age. Sections were
stained with anti-doublecortin (to label newborn
neurons), anti-ubiquitin (to label damaged pro-
teins), and anti-GFP (to label hippocampal NSCs
and amplify the nestin signal). Ubiquitin inten-
sity was measured in the doublecortin+ or nestin+

cells. Doublecortin+ cells had more ubiquitin
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Fig. 4. Diffusion barrier strength is associated with the asymmetric segregation of damaged pro-
teins that determine the cellular behavior of NSCs. (A) Ubiquitinated proteins (red) are asymmetrically
distributed in young dividing NSCs (left) as compared to old NSCs (right). Nuclei were counterstainedwith
4´,6-diamidino-2-phenylindole (DAPI; gray). (B) Quantifications of symmetric (red) versus asymmetric
(gray) distribution of ubiquitinated proteins in young (left) and old (right) NSCs (mean ± SEM). (C) A
symmetry index ratio (see supplementary materials) revealed an increase in the number of old NSCs
(white bar) with symmetric distribution of ubiquitinated proteins as compared to young NSCs (black bar)
(unpaired t test; mean ±SEM). (D) Overexpression of progerin (right) led to amore symmetric distribution
of ubiquitinated proteins relative to control virus (left). Nuclei were counterstained with DAPI (gray).
(E) Quantifications of the symmetric (red) or asymmetric (gray) distribution of ubiquitinated proteins
after control virus or progerin overexpression (mean ± SEM). (F) The symmetry index ratio normalized
to control virus (black bar) revealed that progerin overexpression (white bar) increases the symmetric
distribution of ubiquitinated proteins similarly to that of old NSCs (unpaired t test; mean ± SEM). Error
bars on controls (Young or Ctrl) represent SEM of the original non-normalized values. (G) Apical pro-
genitors overexpressing vimentin-eGFP to visualize localization of ubiquitinated proteins, andmKusabira
Orange tovisualize the cell outlines,were imaged in E15mouse brain slices.The dividingNSC (arrow) and
daughter cells (dashed lines) are indicated. (H) The intensity of vimentin-eGFP in each daughter cell was
divided by the total amount of vimentin-eGFP between the two cells.The nonstem progeny (PGY, black
circles) receivedmore vimentin-eGFP at each division than did the stem daughter cell (cell that retained
the apical process; empty circles) (n = 15 cell pairs; paired t test; mean ± SEM). (I and K) Nestin-GFP
brains were stained against DAPI (nuclei; blue),GFP (stem cells; green), ubiquitinated proteins (Ub; red),
and doublecortin (DCX; immature neurons; magenta) and imaged in 6-week-old (I) or 12-month-old (K)
male mice. Outlines of confirmed cell bodies of nestin+ cells (yellow outlines) and DCX+ cells (white
outlines) were overlaid onto the Ub channel to measure Ub intensities. (J and L) The raw integrated
density (RID) of Ub was measured for each nestin-GFP+ or DCX+ cell body and normalized to its area
before also normalizing to the background. Dots represent the averages from each animal that were
normalizedwith nestin as 100%. In 6-week-old animals (J), DCX+ cells had a significantly greater amount
of Ub than in nestin+ cells, whereas in 12-month-old mice (L), there was no statistical difference (P =
0.3787) between the two types of cells (n = 3 animals each; paired t test; mean ± SEM). Scale bars, 5 mm
[(A) and (D)], 10 mm (G), 40 mm [(I) and (K)]. *P < 0.05, **P < 0.01.
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signal than nestin+ cells in 6-week-old mice (Fig.
4, I and J). At 12months, however, ubiquitin levels
were not significantly different betweenNSCs and
their neuronal progeny (Fig. 4, K and L) despite
the general increase in ubiquitin levels in the
older brain (fig. S5G). These findings establish
that NSCs retain fewer damaged proteins during
cell division and support the hypothesis that
weakening of the diffusion barrier with age con-
tributes to the more symmetric segregation of
ubiquitinated proteins between NSCs and their
neuronal progeny in vivo.
Our results show how age affects protein seg-

regation during mammalian NSC division by
altering a diffusion barrier. The diffusion barrier
facilitates asymmetric segregation of damaged
proteins between daughter cells, keeping the self-
renewed stem cell free from damage. As in yeast,
young rodent NSCs efficiently compartmentalize
cellular damage, protecting the proliferative cell.
Age reduces the efficiency of this compartmen-
talization, exposing the aged NSCs to excess
cellular damage. Examining the role of the ER
diffusion barrier in other mammalian cells will
determine whether this represents a general
mechanism for the asymmetric segregation of
damage during cell divisions of somatic stem
cells or other immortal cells, such as cancer cells.

REFERENCES AND NOTES

1. K. M. Christian, H. Song, G. L. Ming, Annu. Rev. Neurosci. 37,
243–262 (2014).

2. K. L. Spalding et al., Cell 153, 1219–1227 (2013).
3. M. A. Bonaguidi et al., Cell 145, 1142–1155 (2011).
4. H. G. Kuhn, H. Dickinson-Anson, F. H. Gage, J. Neurosci. 16,

2027–2033 (1996).
5. L. Clay et al., eLife 3, e01883 (2014).
6. Z. Shcheprova, S. Baldi, S. B. Frei, G. Gonnet, Y. Barral,

Nature 454, 728–734 (2008).
7. L. C. Fuentealba, E. Eivers, D. Geissert, V. Taelman,

E. M. De Robertis, Proc. Natl. Acad. Sci. U.S.A. 105, 7732–7737
(2008).

8. M. R. Bufalino, B. DeVeale, D. van der Kooy, J. Cell Biol. 201,
523–530 (2013).

9. M. Ogrodnik et al., Proc. Natl. Acad. Sci. U.S.A. 111, 8049–8054
(2014).

10. C. Luedeke et al., J. Cell Biol. 169, 897–908 (2005).
11. C. Wandke, U. Kutay, Cell 152, 1222–1225 (2013).
12. T. Dechat et al., Genes Dev. 22, 832–853 (2008).
13. S. C. Noctor, A. C. Flint, T. A. Weissman, R. S. Dammerman,

A. R. Kriegstein, Nature 409, 714–720 (2001).
14. L. M. Farkas, W. B. Huttner, Curr. Opin. Cell Biol. 20, 707–715

(2008).
15. H. Aguilaniu, L. Gustafsson, M. Rigoulet, T. Nyström, Science

299, 1751–1753 (2003).
16. K. A. Henderson, D. E. Gottschling, Curr. Opin. Cell Biol. 20,

723–728 (2008).
17. N. P. Dantuma, T. A. Groothuis, F. A. Salomons, J. Neefjes,

J. Cell Biol. 173, 19–26 (2006).
18. J. T. Paridaen, W. B. Huttner, EMBO Rep. 15, 351–364

(2014).

ACKNOWLEDGMENTS

Data have been deposited in NCBI’s Gene Expression Omnibus with
accession number GSE61367. Supplement contains additional
data. We thank M. Götz for providing support for pilot slice culture
experiments and conceptual input; L. Clay, B. Boettcher,
A. Denoth Lippuner, X. Wang, M. Knobloch, D. Wüthrich, and
R. A. Machado for experimental help; C. Balazs and M. Kirschmann
for programming analyses tools; S. Rinehart for artwork;
F. H. Gage, S. Aigner, and D. C. Lie for comments on the
manuscript; and the light microscopy facilities of the University of
Zürich Center for Microscopy and Image Analysis and ETH Zürich
(ScopeM) for technical support. Supported by the Swiss National
Science Foundation, the EMBO Young Investigator program, the
Zürich Neuroscience Center (S.J.), the European Research Council

(Y.B.), an EMBO long-term fellowship (G.A.P.), and the ETH fellow
program and a Human Frontier Science Program long-term
fellowship (D.L.M.).

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/349/6254/1334/suppl/DC1
Materials and Methods

Figs. S1 to S5
References (19–34)
Data Table S1
Movies S1 to S20

9 July 2015; accepted 17 August 2015
10.1126/science.aac9868

DENGUE TYPING

Dengue viruses cluster antigenically
but not as discrete serotypes
Leah C. Katzelnick,1,2,3,4 Judith M. Fonville,1,2,5 Gregory D. Gromowski,3

Jose Bustos Arriaga,3 Angela Green,4 Sarah L. James,1,2 Louis Lau,4 Magelda Montoya,4

Chunling Wang,4 Laura A. VanBlargan,3 Colin A. Russell,6 Hlaing Myat Thu,7

Theodore C. Pierson,3 Philippe Buchy,8 John G. Aaskov,9,10 Jorge L. Muñoz-Jordán,11

Nikos Vasilakis,12,13,14 Robert V. Gibbons,15 Robert B. Tesh,12,13,14

Albert D.M.E. Osterhaus,5 Ron A.M. Fouchier,5 Anna Durbin,16

Cameron P. Simmons,17,18,19 Edward C. Holmes,20 Eva Harris,4

Stephen S. Whitehead,3 Derek J. Smith1,2,5*

The four genetically divergent dengue virus (DENV) types are traditionally classified as
serotypes. Antigenic and genetic differences among the DENV types influence disease
outcome, vaccine-induced protection, epidemic magnitude, and viral evolution.We
characterized antigenic diversity in the DENV types by antigenic maps constructed from
neutralizing antibody titers obtained from African green monkeys and after human vaccination
and natural infections. Genetically, geographically, and temporally, diverse DENV isolates
clustered loosely by type, but we found that many are as similar antigenically to a virus of a
different type as to some viruses of the same type. Primary infection antisera did not
neutralize all viruses of the same DENV type any better than other types did up to 2 years
after infection and did not show improved neutralization to homologous type isolates.
That the canonical DENV types are not antigenically homogeneous has implications for
vaccination and research on the dynamics of immunity, disease, and the evolution of DENV.

D
engue virus (DENV) infects up to 390 mil-
lion people each year, and of the 96million
individuals who develop an acute systemic
illness, ~500,000 experience potentially
life-threatening complications, including

hemorrhage and shock (1, 2). The four genetic
DENV types have long been thought to exist as
four serotypes, and the antigenic differences be-
tween the types are believed to have a key role in
the severity of disease, epidemicmagnitude, viral
evolution, and design of vaccines (3–5).
The description of DENV types as serotypes

originated with the observation that the human
immune response following primary DENV in-
fection fully protected against challenge with
viruses of the homologous type but only partially,
and transiently, protected against challenge by
viruses of a heterologous type (6). This finding
was supported by in vitro neutralization experi-
ments in which each DENV type was on average
better neutralized by homologous than heter-
ologous DENV infection antisera (7). The im-
mune response immediately after a primary
DENV infection varied from individual to in-
dividual, but generally was characterized by
high titers of neutralizing antibodies to multi-
ple DENV types. The neutralizing response was
observed to become more DENV type–specific

over time (8). It was later shown that antibodies
to a heterologous DENV type could enhance in-
fection in vivo andwere associatedwith increased
risk of severe disease in nature (9, 10). Although
antigenic variability was observed within DENV
types from the earliest studies, this variation is
generally considered to be substantially less than
the differences between types, and not thought
to modify type-specific protection (11, 12). To-
gether, the DENV types clearly form an anti-
genic subgroupwithin the genus Flavivirus (13, 14).
Analyses of envelope (E) proteins, and later full
genomes, showed that the four types are as genet-
ically divergent among themselves as sequences
assigned to different viruses within the genus
Flavivirus (15). These deep evolutionary diver-
gences between DENV types were evident in the
phylogenetic tree of the genetically diverse E-gene
sequences of the viruses that we investigated
here (Fig. 1A, fig. S1, and table S1) (16). Similarly,
a map of amino acid differences between the E
proteins revealed four compact, segregated types
(Fig. 1B and fig. S2), as the number of amino acid
substitutions between heterologous types far ex-
ceeded the maximum difference within a type.
However, investigations that rely on the clas-

sification of DENV into serotypes do not fully
explain clinical and epidemiological phenomena.
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