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Nuclear Fuel in a Reactor Accident

Peter C. Burns,™* Rodney C. Ewing,” Alexandra Navrotsky?

Nuclear accidents that lead to melting of a reactor core create heterogeneous materials containing
hundreds of radionuclides, many with short half-lives. The long-lived fission products and
transuranium elements within damaged fuel remain a concern for millennia. Currently, accurate
fundamental models for the prediction of release rates of radionuclides from fuel, especially in
contact with water, after an accident remain limited. Relatively little is known about fuel corrosion
and radionuclide release under the extreme chemical, radiation, and thermal conditions during
and subsequent to a nuclear accident. We review the current understanding of nuclear fuel
interactions with the environment, including studies over the relatively narrow range of
geochemical, hydrological, and radiation environments relevant to geological repository
performance, and discuss priorities for research needed to develop future predictive models.

uclear fuels are designed to perform under
Nthe extreme but well-defined conditions

of a nuclear reactor operating normally.
UO,, used in most commercial power plants, is
a suitable fuel in part because of its high melting
point (2865°C) and high thermal conductivity.
Fresh (unirradiated) UO, fuel is modestly radio-
active and chemically pure, whereas irradiated
(used) fuel is chemically complex and extremely
radioactive. During reactor operation, the com-
position of the fuel gradually changes as ***U is
fissioned and transuranium elements (Np, Pu, and
higher actinides) form through neutron capture
by 28U and subsequent p-decay. The UO, fuel re-
tains many of the generated transuranium elements
and some fission products within its structure,
whereas other radionuclides form new oxide phases,
are trapped as gases in bubbles, or segregate as
metallic inclusions. Due to the long-term risks
associated with transportation, storage, and dis-
posal of used fuel, studies have examined the
interaction of irradiated UO, fuels with the geo-
chemical and hydrologic environments of poten-
tial geological repositories. Such interactions will
occur over tens to hundreds of thousands of years,
during which time the thermal and radiation fields
diminish substantially (/—3). However, much less
attention has focused on irradiated fuel and its
interaction with the environment during and af-
ter an accident at an operating nuclear reactor.
Conditions in such events are often unanticip-
ated, and a substantial amount of potentially harm-
ful radioactive material can be released just at
the time when the thermal output and level of
radioactivity are highest. Furthermore, explosions
and melting of fuel and of reactor structural and
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containment materials slow the accident response,
and the movement and redistribution of fuel and
moderators create the added concern of continued
or sporadic criticality. Months to years may pass
before remotely controlled instruments can reveal
the final condition and configuration of the fuel.
An understanding of how damaged fuel will inter-
act with local, rapidly changing conditions is essen-
tial to reduce the potential release of radionuclides.

What Happens During a Nuclear
Core-Melt Accident?

A core-melt accident occurs when cooling ca-
pacity is lost in an operating or recently shut-
down nuclear reactor and melting of the reactor
core, including nuclear fuels, ensues. Even after
stopping fission of uranium in a fuel by inser-
tion of neutron-absorbing control rods, tremen-
dous amounts of heat generated by radioactive
decay must be removed to prevent the core from
melting. Such core-melt events have not been par-
ticularly rare. The first occurred in the early 1950s,
with about 20 having occurred worldwide in
military and commercial reactors. Some of these
had negligible environmental impact, but little in-
formation is available concerning some of the
events that took place in the former Soviet Union

and/or on their nuclear-powered submarines. The
most recent and dramatic incidents occurred at op-
erating commercial nuclear power plants: Three
Mile Island, USA (1979); Chemobyl, USSR (1986);
and Fukushima, Japan (2011) (Fig. 1). Each was
very different in its scale and the conditions ex-
perienced by the fuel during and after the accident.

At Three Mile Island, a single pressurized
water reactor core was partially melted after in-
terruption of cooling. Approximately half of the
core was damaged or melted; some 20 metric
tons of melted fuel and structural materials flowed
to the bottom of the pressure vessel (4). The re-
maining fuel was damaged by the failure of about
90% of the fuel cladding. Radioactive fission
product gases were released from primary con-
tainment by venting, but there was no disper-
sion of particulates of the fuel, and most fission
products and transuranium elements were con-
tained within the facility (4).

In contrast to the containment of radioactiv-
ity at Three Mile Island, the accident at Chernobyl
resulted in the explosive release of radioactive
material (5). Steam explosions and burning graph-
ite destroyed the graphite-moderated reactor.
Fission gases (e.g., Kr and Xe) and volatile fis-
sion products (e.g., I and Cs) were released.
Explosions caused the dispersal of about 6 tons
of fuel as air-bormne particles. Most of the core,
about 190 tons, was damaged or melted. The
formation of “lava” consisting of melted fuel as-
semblies, structural materials such as concrete
and steel, and sand, lead, and boric acid, added to
control criticality and reduce the release of radio-
nuclides, is a remarkable feature of the Chernobyl
event. The “lava” moved to the lower levels of the
reactor, forming “flows” with an estimated mass
of tens of metric tons. Unusual actinide phases,
such as a high-uranium zircon (U Zr;_,SiOy,),
formed in this solidified melt (6).

The accident at Fukushima Daiichi in Japan,
following the magnitude 9.0 Tohoku-oki earth-
quake and subsequent tsunami on 11 March 2011,
occurred while only three (units 1, 2, and 3) of
six boiling water reactors were in operation. Most
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Fig. 1. Images extracted from a video posted 8 May 2011 by TEPCO entitled “Status of the spent
fuel pool of unit 4 of Fukushima Daiichi nuclear power station.” These images, obtained by an
underwater robotic camera, show used fuel assemblies and debris in the pool.
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Fig. 2. A schematic representation of irradiated UO, fuel [left, adapted from (2)]
and the structures of various uranyl minerals and nanoscale clusters (right). A cross-
section of the 10-mm-wide fuel element and its zirconium alloy cladding is shown,
where heat-induced cracks are evident. An expanded view of the fuel and cladding

near its edge illustrates that fission products concentrate at grain boundaries, in
epsilon phase metallic precipitates, and in gaseous bubbles. Actinides and
lanthanides are in the UO, structure. For the structure representations (35, 39),
uranyl polyhedra are shown in yellow, and O atoms are illustrated as red balls.

of the fuel in these reactors was UQO,, although
there were also 32 mixed-oxide fuel assemblies
containing ~6% Pu in unit 3, corresponding to
~4% of the core loading. The operating units
shut down promptly in response to the earth-
quake; however, when the tsunami inundated
the site about 40 min later, electrical power was
lost, followed by the loss of on-site backup power,
resulting in a station blackout and a loss of re-
actor coolant. A partial core-melt event ensued
in units 1, 2, and 3. In a preliminary analysis,
the Japanese operator TEPCO has surmised that
there was a nearly immediate loss of core cool-
ing in unit 1 and almost all of the fuel assem-
blies melted and accumulated in the bottom of
the pressure vessel. Partial melting of the cores
in units 2 and 3, damaging approximately one-
third of the fuel assemblies in each, occurred
over the following days. Reaction of the zirco-

nium alloy (Zircaloy) fuel cladding with water
at high temperatures generated hydrogen gas
that accumulated and exploded in four of the
units. Seawater was injected into the three active
reactors and sprayed onto fuel storage pools
(e.g., near unit 4) to cool them (Fig. 1). With boil-
ing and evaporation of seawater, large amounts
of salt may have deposited in the reactor cores.
The release of radioactivity other than gaseous
and volatile fission products at Fukushima Daiichi,
unlike at Chernobyl, was dominated by the many
metric tons of seawater used to cool the cores and
storage pools. An unknown fraction of this water
was released to the environment, together with
accumulation in the basements and trenches of
the reactors. Direct discharge of contaminated
water to the ocean and groundwater occurred
through approximately 8 April 2011 (7). Estimates
of the amount of radioactivity released differ by

a factor of about 20, with one of the higher
estimates indicating that 27,000 terabecquerels
of '¥’Cs was discharged to the ocean (8).

What Types of Radioactive Materials
Are Released from Damaged Nuclear Fuel?

Fresh (unirradiated) light water reactor fuel typ-
ically consists of UO, with 1 to 5 atomic percent
fissile 2*°U. When such fuel is removed from a
reactor, its radioactivity is 10'7 becquerel/metric
ton, about a factor of a million higher than that of
fresh fuel. A year later, the dose rate 1 m from a
fuel assembly is about 1 million millisieverts (mSv)
per hour (natural background ~ 3 mSv/year),
which will give a lethal dose to a human in less
than a minute. The bulk of the penetrating B and
v ionizing radiation arises from short-lived fission
products (e.g., 131 137, 90Sr) and activation
products of components of the fuel assemblies
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(e.g., Co, Ni, Nb). Alpha radiation is mostly from
the transuranium elements (e.g., 239py, 237Np,
21 Am), some of which are long-lived (e.g., 2*’Pu
and Z*'Np with half-lives of 24,100 and 2.1 mil-
lion years, respectively). After about 10,000 years,
the total activity of fuel is less than 0.01% of the
activity a year after removal from the reactor
(9). Tremendous heat is generated by radioactive
decay initially, about 2 MW per ton immediately
after removal from the reactor, declining to about
20,000 W per ton after a year (10).

Irradiated UO, fuels, the details of which are
important for reactor operation and potential
disposal in a geological repository (//, 12), con-
sist of more than 95% UO,. The complex mix-
ture of other components within the fuel assembly
depends on the conditions of reactor operation
(Fig. 2) (13). Gaseous fission products (e.g., Xe
and Kr) are present as finely dispersed bubbles
within fuel grains (/4). Metallic fission products
(e.g., Mo, Tc, Ru, Rh, Pd) are dispersed in the fuel
as micrometer- or nanometer-sized immiscible
particles (/4). Other fission products occur as
oxide precipitates (e.g., Rb, Cs, Ba, Zr) or in
solid solution within the UO, fuel matrix (e.g.,
Sr, Zr, Nb, and lanthanides) (/4). Transuranium
elements are in solid solution within the UO,
matrix (e.g., Np, Pu, Am) (/4). The steep ther-
mal gradient present in a single fuel pellet dur-
ing reactor operation, from 400°C at the rim to
1700°C in the center, causes grain coarsening and
microfracturing and ensures that the distribution
of radionuclides is heterogeneous (/4). Volatile
elements (e.g., Cs, 1) migrate into grain bound-
aries and fractures within the fuel, as well as into
the “gap” between the edges of the fuel pellet
and the surrounding metal cladding (/4). Non-
uniform burmn-up in a fuel pellet gives higher
concentrations of **Pu near the pellet edge, an
increase in porosity, polygonization of the UO,
grains, and a reduction in the size of individual
grains (~0.15 to 0.3 um) (13).

Several experiments in the United States,
France, Canada, and Japan give considerable in-
sight into the progression of core-melt incidents
and release of fission products from damaged
fuel (14-17). Stages occur as temperature in-
creases (/7): melting of the Ag-In-Cd absorber
alloy at 800°C; deformation and bursting of fuel
cladding at 750° to 1100°C; steam oxidation of
structural and fuel rod materials beginning at
1200°C; eutectic interactions of cladding with
stainless steel beginning at 1300°C; melting of
stainless steel by 1450°C and interactions of clad-
ding with UO, fuel by 1500°C; melting of clad-
ding at 1760°C; partial reduction of UO, due
to interactions with cladding and partial dis-
solution of the fuel and formation of a Zr-U-O
melt above 1760°C; and melting of ZrO, at
2690°C and UO, at 2850°C. Studies of irra-
diated fuel to temperatures as high as 2530°C
indicate release fractions of ~90% for cesium,
iodine, and noble gas fission products; up to 50%
for molybdenum; less than 1% for strontium;
and very low release of actinides (/4). Release

of volatile fission products to the atmosphere
can occur as soon as the fuel assembly is dam-
aged. These contribute greatly to the shorter-term
environmental impact because of the penetrat-
ing ionizing radiation they produce and their
mobility in air and water. After the initial release
of gaseous and volatile radionuclides from dam-
aged fuel assemblies, and in the absence of sub-
sequent explosions that disperse radioactive
material such as at Chernobyl, the major poten-
tial pathway for continued release of radionu-
clides is through flowing water.

How Does Water Interact with Irradiated Fuel?

Many radionuclides form aqueous complexes
that are soluble in water. Furthermore, water pro-
motes dissolution of the rod/fuel matrix, which
releases radionuclides trapped within the matrix
(3, 10, 18, 19). Some of these radionuclides have
long half-lives (10° to 10° years) and pose a
much longer environmental hazard than the short-
lived gaseous and volatile fission products with
half-lives of minutes to a few years. Several of
the longer-lived radionuclides of concern are
redox active (e.g., isotopes of Tc, Se, Np, Pu),
and their concentration in water depends strongly
on oxidation state, with solid phases with higher
oxidation state typically having higher solubility.
Exposure to air is sufficient to oxidize some of
these cations, albeit slowly under ambient condi-
tions. The radiolytic breakdown of water creates
oxidants (e.g., hydrogen peroxide) that can ac-
celerate the oxidative corrosion of fuel (/9-23).

Under oxidizing conditions, UO, fuel dis-
solves in aqueous solution by oxidation to uranyl
(UO,)*" ions (10). The uranyl cation is readily
complexed by inorganic and organic species (10).
The concentration of uranyl in aqueous systems
is strongly influenced by complexing species,
such as peroxide, carbonate, or nitrate, which
greatly enhance solubility, or phosphate, silica,
or vanadate, which reduce solubility (24). Com-
plexation effects can be pH dependent. Uranyl
peroxide species that are insoluble under acidic
conditions are highly soluble in alkaline solu-
tions, and carbonate complexes the uranyl ion

A B
08
0.4 ~
S
i 2 60
0.0 3
S 40
o
0.4

only under alkaline conditions (25). The mobility
of dissolved uranyl cations can be diminished
by adsorption of uranium onto mineral surfaces
(26) and by reduction to less soluble U(IV) by
microbial activity (27).

Secondary solid uranyl alteration phases that
can form subsequent to water contacting irradi-
ated fuel depend on the amount of water present,
the flow rate, the intensity of the radiation field,
the availability of species in the water that can
complex metals, and redox reactions. On cooled
Chernobyl “lava” exposed to water, two second-
ary phases have been identified: Nay(UO,)(CO3)s
and studtite [(UO,)(O,)(H,0)(H,0),] (28). Studtite
incorporates peroxide from the radiolytic de-
composition of water and suggests local highly
oxidizing conditions. Studtite has been reported
as a major alteration phase of fuel-element clad-
dings underwater in a cooling pond (29). Studtite
also forms on spent fuel in deionized water un-
der laboratory conditions (/9) and on UO, doped
with alpha emitters or irradiated by an external
source in water (2/-23).

Interaction of irradiated fuel with ground-
water can lead to the formation of secondary
uranyl minerals (Fig. 2) (3, 10, 18). In general,
the long-term fate of uranium released to the
environment from dissolving fuel is dispersal or
formation of mineral phases that are generally sim-
ilar to those from which the uranium was initially
mined. Combining water and irradiated UO, can
result in uranyl oxyhydrate minerals, such as
schoepite and studtite (Fig. 2). If silica, vanadate,
or phosphate are in solution, uranyl minerals
such as autunite, carnotite, or uranophane may
form. The specific uranyl compounds that pre-
cipitate are heavily influenced by the cations
and anions available in the aqueous solution—for
example, Na and K in the case of seawater (30).

Uranyl minerals can reduce the mobility of
key radionuclides, analogous to the role of the
original UO, fuel in retaining radionuclides with-
in its matrix. Uranyl minerals can incorporate
radionuclides into their structures as major con-
stituents (Cs, Sr) or by substitution at the U sites
(Pu, Np) (31, 32), and the details of their struc-

pH

Fig. 3. Examples of stability diagrams for uranium systems. (A) Speciation of uranium in a hypothetical
groundwater at 25°C [adapted from (8)]. (B) Speciation of U(VI) versus pH in NaCl solution at 25°C,
concentration of U0, = 0.001 M, / = 0.5 M [adapted from (40)].
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tures dictate the extent of incorporation. The
solubility and stability of uranyl minerals with
incorporated radionuclides are important fac-
tors in determining the long-term environmental
impact of fuel dissolution. There has been sub-
stantial improvement in the thermodynamic data-
base for such minerals over the past decade (33),
so it is, in principle, possible to calculate the
equilibrium phase diagrams for aqueous uranyl
systems as a function of pH and the concen-
trations of various cations and anions (Fig. 3).
Much of the remaining uncertainty in such cal-
culations arises from poorly known activity co-
efficients of uranium species in aqueous solution,
especially above room temperature. This uncer-
tainty increases with increasing concentrations of
other species in the aqueous phase. Most studies
have focused on the reactions of nuclear fuel in
groundwater, which is very dilute compared to
the seawater to which the Fukushima Daiichi fuel
was exposed. The uncertainty also increases with
rising temperature because of large uncertain-
ties in the thermodynamic properties of aqueous
species at elevated temperatures.

Peroxide produced by radiolysis of water in-
creases the dissolution rate of fuel by oxidizing
UIV) to U(VI) (19-23). If the aqueous system is
acidic to neutral and contains low concentrations
of complexing agents other than peroxide, studtite
will precipitate once peroxide levels are high
enough, as seen in laboratory experiments (/9)
and on stored fuel elements (29). Thermochem-
ical measurements have shown that, although
studtite is not stable in the absence of perox-
ide, it is stabilized by the low concentrations
of peroxide produced by radiolysis even in
natural uranium deposits, and its formation at
the fuel-water interface is thermodynamically
reasonable (34). If the water is alkaline, soluble
nanoscale uranyl peroxo cage clusters are likely
to form and persist in solution (35). Recent studies
have identified a large variety of such clusters con-
taining uranyl ions and peroxide groups (Fig. 2).
These cage clusters, as well as simpler uranyl
peroxo-complexes, form in peroxide-bearing so-
lutions and can crystallize with appropriate charge-
balancing alkali ions, including sodium, or remain
in aqueous solution for several months or more
(36). Calorimetric studies suggest that such alkali
uranyl peroxide cluster compounds are energetic
intermediates between uranyl species in solution
and alkali uranyl minerals when peroxide and al-
kali ions are present (36). It is unknown whether
such alkali uranyl peroxide cluster compounds
form under the high-salinity conditions encoun-
tered at Fukushima Daiichi, or whether they of-
fer another mechanism for corrosion of fuel and
transport and/or precipitation of uranium when
seawater is encountered, but this possibility
must be considered.

Rates of dissolution of UO, in water have
been studied under conditions relevant to geolog-
ical repositories (/, 10, 37), where the aqueous
phase is groundwater. Most of these tests followed
set protocols that were not optimized to provide
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fundamental kinetic data that could be modeled
and extrapolated to other conditions, such as a
reactor accident. There is controversy over wheth-
er microbial action substantially increases disso-
lution rates under certain conditions (38). Thus, at
present there is no reliable way of predicting
dissolution rates of damaged fuel in water under
the conditions of a nuclear accident, especially
one like Fukushima Daiichi in which fuel is ex-
posed to hot or boiling seawater for periods of
weeks to months. Fukushima Daiichi itself would
provide a very instructive experiment if and when
it becomes possible to retrieve and study the fuel.

Outlook

Nuclear reactor core-melt accidents are inher-
ently complex and difficult to model, a situation
that can be greatly exacerbated by the addition
of large quantities of seawater or other materials
during and subsequent to the event. Yet, an un-
derstanding of the factors that determine radio-
nuclide release is central to taking appropriate
and timely action in order to minimize impacts
on the environment and human health. Release
of volatile and gaseous fission products during a
core-melt event is effectively instantaneous, and
this contributes dramatically to the near-term
environmental impact due to their atmospheric
dispersion. Water that interacts with damaged
fuel will transport radionuclides that present both
short-term and longer-term environmental risk,
beginning with the core-melt event and potentially
continuing for many years if the damaged fuel is
not adequately isolated from the environment.
The events at Fukushima Daiichi have demon-
strated the importance of water-borne radionuclide
transport after a core-melt event, with as much
as 27,000 terabecquerels of '*’Cs being released
to the ocean (§).

At present, there is not an adequate, quan-
titative understanding of water interactions with
damaged fuel, including reaction mechanisms
and rates, radionuclide release and transport, and
exposure pathways. Resolidified fuel from a core-
melt accident is very heterogeneous and has a
much more complex phase chemistry than un-
damaged fuel. Past repository-focused studies of
the release of radionuclides from undamaged
fuel generally cannot be extrapolated to the ex-
treme conditions of temperature and radiation
field that occur during and subsequent to a core-
melt event. Central to gaining a predictive un-
derstanding is the characterization of resolidified
fuel derived from a core-melt event in terms of
the distribution and reactivity of radionuclides,
the basic phase chemistry, and the resulting mi-
crostructure. Some of this information can be
obtained by investigating simulated core-melt
events with fuel analogs that contain nonradio-
active isotopes of the fission products distributed
in UO,. The need to understand the behavior of
actinides, for which there are no nonradioactive
isotopes, and the effects induced by intense ra-
diation fields require studies using radioactive
materials. The role of complexation in mobiliz-
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ing radionuclides in water at high temperatures,

as

well as that of nanoscale actinide materials in

promoting the dissolution of fuel, must be better
understood. Studies outlined here are both dif-
ficult and expensive, but are essential to reduce
the risk associated with an increasing reliance

on

nuclear energy. The resulting understanding

may also help in the future design of fuel as-
semblies and reactors that are better able to
withstand potential accidents.
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Natural SIV Hosts:

Showing AIDS the Door

Ann Chahroudi,*? Steven E. Bosinger,® Thomas H. Vanderford,?

Mirko Paiardini,?** Guido Silvestri®3*

Many species of African nonhuman primates are naturally infected with simian immunodeficiency
viruses (SIVs) in the wild and in captivity. In contrast to HIV-infected humans, these natural SIV
hosts typically do not develop AIDS, despite chronic infection with a highly replicating virus.

In this Review, we discuss the most recent advances on the mechanisms of protection from disease
progression in natural SIV hosts, with emphasis on how they differ from pathogenic HIV/SIV
infections of humans and rhesus macaques. These mechanisms include: (i) resolution of immune
activation after acute infection, (i) restricted pattern of target cell infection, and (iii) protection
from mother-to-infant transmission. We highlight the areas that should be pursued in future studies,
focusing on potential applications for the treatment and prevention of HIV infection.

ver thousands of years, species-specific
O strains of simian immunodeficiency virus

(SIV) have endemically infected more
than 40 species of African nonhuman primates
(1, 2) that we will refer to as “natural SIV hosts”
or simply, “natural hosts” (Box 1). Multiple cross-
species transmissions of SIV,, from chimpanzees
and STV, from sooty mangabeys (SMs) to hu-
mans have resulted in the current epidemics of
HIV-1 and HIV-2, respectively (3). SIVgn is also
the origin of the SIV . strains that are used to
experimentally infect various species of Asian
macaques, resulting in a disease called simian
AIDS (4). In marked contrast to pathogenic HIV
infection of humans and SIV,,,,. infection of rhesus
macaques (RMs), SIV infections of natural hosts
are typically nonpathogenic, despite high levels
of virus replication (5—9). The only exception is
the SIV,,, infection of chimpanzees that is asso-
ciated with a significant increase in mortality, al-
though not to the levels seen in HIV-1 or SIV ¢
infections (/0). Importantly, the benign infection
of natural hosts is distinct from the nonprogres-
sive HIV/SIV infections of a rare subset of humans
and RMs, called elite controllers, in which the
absence of AIDS is at least partly related to the
ability of the immune system to suppress virus
replication (//, 12). Understanding the mecha-
nisms responsible for the AIDS resistance of
natural SIV hosts is considered a key priority in
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contemporary AIDS research, with major impli-
cations for HIV prevention and therapy.

What Is the Phenotype of SIV Infection
in Natural Hosts?

Two species of natural SIV hosts that have been
intensively studied as captive animals, SMs and
the African green monkeys (AGMs), are housed
in primate centers in the United States and Europe.
Limited information is available about other spe-
cies such as mandrills, drills, suntailed monkeys,
and a few others. In this Review, we mainly dis-
cuss data generated from SMs and AGMs because
relatively little is known about the phenotype of
SIV infection in other natural SIV host species.
Given the many similarities of these two models,
we discuss them together unless otherwise noted
in specific instances. Table 1 shows the main vi-
rological and immunological aspects of pathogen-
ic and nonpathogenic primate lentivirus infections.

B Mandrill
[7] Chimpanzee

Il Sooty Mangabey
[ African Green Monkey

In summary, key similarities between SIV infec-
tion of natural hosts and pathogenic HIV/SIV
infections of humans and RMs include: (i) high
viremia (5-9), (ii) short in vivo life span of pro-
ductively infected cells (13, 14), (iii) significant
loss of mucosal CD4" T cells during acute in-
fection (15, 16), (iv) high levels of innate and
adaptive immune activation during acute infec-
tion (/7-21), and (v) the inability of the host cel-
lular and humoral immune system to control virus
replication (22-24). This last observation is of
great theoretical and practical importance, because
it shows that the AIDS resistance of natural SIV
hosts is independent of adaptive antiviral immune
responses that suppress virus replication. This fea-
ture of natural SIV infection highlights the tre-
mendous challenge of artificially inducing, with
an AIDS vaccine, a type of protective immunity
that has not been selected for in many thousands
of years of evolutionary pressure posed by lenti-
viruses on the nonhuman primate immune system.

Key features of SIV infection that appear to
be specific to natural hosts include: (i) preserva-
tion of healthy levels of peripheral CD4" T cells
(5); (ii) preservation of mucosal immunity and
absence of microbial translocation (16, 25-27);
(iii) normal lymph node architecture and func-
tion (5); (iv) preservation of T cell regeneration
(28); (v) preferential sparing of central memory
CD4" T cells (Tem) from direct virus infection
(29, 30); and (vi) lack of chronic immune acti-
vation (3, 6, 3/-33). The viral and host factors
that contribute to the lack of chronic immune ac-
tivation and their impact on the benign phenotype
of natural SIV infection are depicted in Fig. 1. An-
other fascinating characteristic of natural SIV in-
fections is the rarity of mother-to-infant-transmission
(MTIT) as compared with pathogenic HIV/SIV

Box 1. More than 40 species of African
monkeys are endemically infected with a
species-specific strain of SIV. Multiple cross-
species transmissions of SIV from chimpanzees
to humans during the preparation of bush
meat, aided by the rise of urbanization in
early 20th century Africa, has resulted in the
HIV-1 epidemic and all of its subtypes. High
rates of mutation, replication, and recombi-
nation have fueled the success of these and
other zoonotic events, resulting in the gen-
eration of the pathogenic lentiviruses, HIV-1,
HIV-2, and SIV,,,c in their respective hosts.
The geographic range of selected natural
hosts is shown. [Map adapted from (69)]
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