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Human Immunodeficiency Virus Infection of

Human-PBL-SCID Mice

DoNALD E. MOSIER, RICHARD J. GULIZIA, STEPHEN M. BAIRD,
DArcy B. WILsON,* DEBORAH H. SPECTOR, STEPHEN A. SPECTOR

Severe combined immunodeficient (SCID) mice reconstituted with human peripheral
blood leukocytes (hu-PBL-SCID mice) have inducible human immune function and
may be useful as a small animal model for acquired immunodeficiency syndrome
(AIDS) research. Hu-PBL-SCID mice infected with human immunodeficiency vi-
rus—1 (HIV-1) contained virus that was recoverable by culture from the peritoneal
cavity, spleen, peripheral blood, and lymph nodes for up to 16 weeks after infection;
viral sequences were also detected by in situ hybridization and by amplification with
the polymerase chain reaction (PCR). Mice could be infected with multiple strains of
HIV-1, including LAV-1/Bru, IIIB, MN, SF2, and SF13. HIV-1 infection affected the
concentration of human immunoglobulin and the number of CD4™* T cells in the mice.
These results support the use of the hu-PBL-SCID mouse for studies of the

pathogenesis and treatment of AIDS.

HE NEED FOR BETTER SMALL ANI-

mal models for research into the

causes and prevention of AIDS has
prompted the development of two experi-
mental systems (1, 2) that involve the trans-
plantation of human lymphoid cells or tissue
into mice with the SCID mutation (3).
When adult human peripheral blood leuko-
cytes (PBLs) are transferred to SCID mice,
thus creating hu-PBL-SCID mice, the hu-
man T and B lymphocytes survive, human
immunoglobulin is produced, and second-
ary antibody responses can be elicited (1, 4).
Implantation of human fetal lymphoid tis-
sue into SCID mice creates SCID-hu mice
(2); such mice support HIV-1 RNA tran-
scription and lesser expression of viral pro-
teins (5). We have recovered HIV-1 from
the peritoneal cells, lymphoid organs, and
blood of hu-PBL-SCID mice infected with
either cell-free or cell-associated virus for up

D. E. Mosier, R. J. Gulizia, D. B. Wilson, Division of
Immunology, Medical Biology Institute, La Jolla, CA
92037.

S. M. Baird, Veterans Administration Medical Center,
La Jolla, CA 92161, and Department of Pathology,
University of California at San Diego, La Jolla, CA
92093.

D. H. Spector, Department of Biology, University of
California at San Diego, La Jolla, CA 92093.

S. A. Spector, Department of Pediatrics, University of
California at San Diego, La Jolla, CA 92093.

"Present address: La Jolla Institute of Experimental
Medicine, La Jolla, CA 92037.

to 16 weeks after infection. HIV-1 infection
with high virus loads led to an initial in-
crease, then a reduction in human immuno-
globulin production in hu-PBL-SCID mice
and changes in the number of CD4* T cells
in many mice. We conclude that HIV-1 is
infectious in the hu-PBL-SCID model, and
that infection results in changes in human
lymphocyte function consistent with those
seen in HIV-1-infected individuals.
Hu-PBL-SCID mice were generated by
reconstituting adult SCID mice by intraperi-
toneal injection of 1 X 107 to 4 X 107 PBLs
from donors that were negative for antibod-
ies to Epstein-Barr virus (EBV) capsid anti-
gens. [EBV-seronegative donors were used
to prevent the possible development of
EBV-associated B cell lymphoproliferative
disease (1, 6) and to eliminate one potential
cofactor in HIV-1 pathogenesis.] Mice were
challenged by intraperitoneal injection (7)
either with 10" to 10° median tissue culture
infectious doses (TCID5q) of cell-free virus
(144 mice) or with virus-infected autolo-
gous T lymphoblasts (27 mice) (8) and
evaluated for HIV-1 infection by (i) culture
of hu-PBL-SCID lymphoid tissue with fresh
human PBLs (9), (ii) in situ cytohybridiza-
tion with a full-length cDNA probe for the
IIIB strain of HIV-1 (HIV-1yy) (10), and
(iif) amplification of HIV-1 gag sequences
by the polymerase chain reaction (PCR)
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(11). The percentage of HIV-1—injected hu-
PBL-SCID mice from which virus could be
isolated by culture in eight separate experi-
ments was calculated (Fig. 1). Although
virtually all hu-PBL-SCID mice were infect-
ed with HIV-1 at 3 to 4 wecks after virus
inoculation, the percentage of mice from
which virus could be recovered declined
significantly (P < 0.005, n = 45) between 6
and 8 weeks after injection with cell-free
HIV-1; mice infected with autologous cells
showed a similar but smaller decrease. Thus,
all hu-PBL-SCID mice were susceptible to
HIV-1 infection, and a substantial fraction
of animals (33 to 50%) established persis-
tent infection for the 16-week period exam-
ined in these experiments. In a scparate
control experiment, unreconstituted SCID
mice (that is, mice with no human cells)
injected with HIV-1 showed no evidence of
infection (12), demonstrating that the pres-
ence of the engrafted human cells is essential
for HIV-1 infection. In addition, HIV-1-
infected and uninfected hu-PBL-SCID mice
were housed together for up to 6 months,
and no evidence of horizontal transmission
of HIV-1 between mice was observed.

The site from which virus was isolated
most frequently was peritoneal lavage cells,
followed by spleen cells (85% of virus-
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Fig. 1. Percentage of hu-PBL-SCID mice infected
with HIV-1 at different times after int itoneal
injection of 10* to 10° TCID;, of free virus
(either HIV-1; 4v.1/B OF HIV-1515) or 5 x 10°
to 7 X 109 HIV-1; ,y.1pn—infected syngeneic T
cell blasts exposed 3 to 4 days previously to
HIV-1 (8). Virus recovery was assessed as de-
scribed (9).  Mice were considered infected if
HIV-1 was isolated from any tissue examined.
Data are compiled from eight separate experi-
ments, and the number of mice evaluated at each
time point from 8 at 16 wecks after
infection to 85 at 4 weeks after infection. In two
of the pooled iments, mice were infected at 8
wecks aftcr PBL reconstitution; in the remaining

ts, HIV-1 infection was at 2 weeks
aftcr PBL transfer. At this high titer of virus, there
was no difference in the percentage of mice infect-
ed at the two time points. Mice were killed for
virus isolation, so that data were collected on
different mice at each time point. Filled columns,
mice infected with cell-free virus; striped columns,
mice infected with T lymphoblasts. No data were
available for mice infected with T lymphoblasts at
12 wecks after infection.

792

Fig. 2. Analysis of PCR-amplified HIV-1 se-
quences from infected hu-PBL-SCID mouse tis-
sues. PCR was as described (11) with
HIV-1 gag-specific primers SK 38/39 and SK 19

(Cetus, Emeryville, California). An autoradiogram
ide gel omis is shown. Lane 1, HIV-1 DNA (1
; lanes 3 to 6 and 9 to 12, DNA

u-PBL-SCID mouse sp)

10808 &.008 08 8 8 104y A2

of the liquid hybridization product after
); lane 2, DNA from uninfected
lymph node or spleen of

HIV-1-infected but culture- ncgauvc hu-PBL-SCID mice; lanes 7 and 8, DNA from lymph node and

spleen,

ively, from an individual hu-PBL-SCID mouse that gave positive results in the coculture

assay after 10 (lymph node) and 3 (spleen) days of culture.

positive mice), mouse peripheral blood
(33%), and peripheral (excluding mesenter-
ic) lymph nodes (10%). Virus replication
was confirmed both by in situ hybridization
and by PCR amplification of spleen samples
(below) from many of the mice. Plasma
samples from 32 hu-PBL-SCID mice from
which it was possible to isolate HIV-1 were
examined for the presence of p24 core anti-
gen (13) or antibodies to HIV-1 antigens by
immunoblotting (14). Plasma p24 antigen
was detected in 21% of culture-positive
animals, and no antibodies to HIV-1y,
were detected in any of the mice. Detection
of p24 antigen in the plasma was correlated
with early detection (<1 week of culture) of
p24 in PBL cocultures.

As a more sensitive measure of the virus,
HIV-1 DNA sequences in spleen and lymph
node samples from culture-positive and cul-
ture-negative animals were amplified by
PCR at 6 to 8 wecks after infection. Ampli-
fication of viral gag sequences gave a positive
signal on culture-positive samples and no
signal on culture-negative samples (Fig. 2),
indicating that the isolation of virus by
coculture was highly efficient. On the basis
of the sensitivity of PCR (11), it appears that
PCR-negative animals contained less than
ten copies of proviral DNA in the sampled
hu-PBL-SCID spleen; thus, culture-nega-
tive animals in our studies do not represent
mice with latent HIV-1 infection.

Analysis of spleens from HIV-1—infected
hu-PBL-SCID mice by in situ (15) hybrid-
ization with a full-length viral probe,
pHXB-2D (10), showed that many cells
were positive; these cells were somewhat
more concentrated in areas corresponding
to the periarteriolar lymphoid sheath (Fig.
3). Our data suggest that HIV-1 replicates
in the human cells and that a significant
fraction of engrafted human cells are infect-
ed. The possibility of infection of CD4~
human cells by pscudotypes or phenotyplc
mixtures of xenotropic murine leukemia vi-
rus and HIV-1 has been raised (16). How-
ever, we have observed no evidence for
aberrant spread of HIV-1 in hu-PBL-SCID
mice, and HIV-1 recovered from such mice
only grew in CD4* human T cells (17).

To determine the minimal dose of HIV-
11 required for infection, we injected hu-
PBL-SCID mice intraperitoneally with 10*

®

Fig. 3. In situ hybridization of a section of spleen
taken from an HIV-l-infected hu-PBL-SCID
mouse 4 weeks after infection with cell-associated
HIV-1, sv.1/8r- Frozen sections were mounted
and hybridized as described (10). Original mag-
nification was X 100. The same probe yielded no

signal above und when applied to sections
of uninfected hu-PBL-SCID mouse spleen. A

central arteriole (a; dashed line) indicates the area

of a lymphoid sheath sectioned

The area no;

itudinally.
rmally occupied by the periarteriolar
lymphoid sheath ( )lsmdlcated,asarcthc

more peripheral red pulp (rp) zones.

to 10* TCIDs, at either 2 or 8 weeks after
PBL reconstitution (Fig. 4). As little as 10
TCIDg, of virus was sufficient to infect
hu-PBL-SCID mice if the virus was inocu-
lated at 2 weeks after PBL reconstitution;
however, 10* TCID;, was the minimal in-
fectious dose if virus inoculation was de-
layed until 8 weceks after reconstitution.
Other strains of virus [HIV-1y,y and viral
stocks derived from molecular clones of
HIV-1gg, and HIV-1gg, 3 (18)] were capa-
ble of infecting hu-PBL-SCID mice when
10? to 103 TCIDj, of virus was injected 2
weeks after PBL reconstitution.

A potential advantage of the hu-PBL-
SCID model is the ability to determine if
HIV-1 infection alters the function of the
human lymphoid graft. Therefore, hu-PBL-
SCID mice were reconstituted with 2 X 107

- PBLs and infected 8 wecks later with 105

TCIDsq of HIV-1;y;p. At biweekly intervals
after HIV-1 infection, total human serum
immunoglobulin concentrations of four an-
imals (and of four uninfected controls) were
determined from a small sample of blood
(1). HIV-1 infection resulted in an initial
200 to 300% increase in human immuno-
globulin concentration which was followed
by a decrease (Fig. 5A). These changes in
human B cell function were reproducible
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Fig. 4. Minimum infectious dose of HIV-1 re-
quired to infect hu-PBL-SCID mice. Mice were
intraperitoneally injected with titered stock of
HIV-1jp at 2 (filled bars) or 8 (striped bar)
weeks after reconstitution with PBLs (2 X 107)
from EBV-seronegative donors. Infectious titer
was confirmed by in vitro titration of virus on the
day of HIV-1 inoculation into mice. Four weeks
after HIV injection, recovery of virus was assessed
as described (9, 11) in three or four mice per
group. No difference between the groups in esti-
mated virus recovery was evident as judged by
equivalent time intervals between coculture initi-
ation and first detection of p24 antigen and equal

intensity of hybridization signals of the PCR products.

mice gave similar results.

after injection of high concentrations of
virus, but infection of hu-PBL-SCID mice
with 10% to 10* TCIDg, of HIV-1;y re-
sulted in smaller increases in immunoglob-
ulin, and only a fraction of HIV-1—infected
mice showed the later decrease. The fate of
the small number of CD4* human T cells in
the spleens of hu-PBL-SCID mice was also
examined 8 weeks after infection with 10*
TCIDg of HIV-1y, (4, 19) (Fig. 5B).
Changes in the number of CD4" T cells
correlated with human immunoglobulin
concentrations, with many mice having low
immunoglobulin concentrations and no de-
tectable CD4 ™ cells.

These results suggest that HIV-1 infec-
tion can impair the immunological function
of hu-PBL-SCID mice. HIV-1 infection
may lead to the depletion of human T cells
that regulate immunoglobulin synthesis.
Alternatively, HIV-1 infection may affect T
and B cell function by more indirect means,
such as by altering human cytokine concen-
trations or enhancing the frequency of op-
portunistic infection, although no evidence
for the latter possibility was noted. These
effects, which appear to vary from animal to
animal, are more profound at higher initial
virus doses. Thus, these immunological con-
sequences of HIV-1 infection of hu-PBL-
SCID mice mimic human disease to some
extent (20), but the pace of these changes is
accelerated in mice compared to humans.

We conclude from our data that (i) hu-
PBL-SCID mice are susceptible to infection
with HIV-1, and virus can be detected not
only by PCR and in situ hybridization, but
also by cocultivation of hu-PBL-SCID lym-
phoid tissue with fresh human phytohemag-
glutinin A (PHA)-stimulated lymphoblasts;
(ii) both cell-free virus and HIV-1-infected
T lymphoblasts can efficiently transmit infec-
tion to hu-PBL-SCID mice; and (iii) human
immune function as reflected in human
immunoglobulin concentrations and recov-
ery of CD4™ T cells are altered in infected
animals. Our inability to recover virus from
every injected hu-PBL-SCID mouse may
have multiple explanations. Because more
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Fig. 5. (A) Alterations in human immunoglob-
ulin concentrations in HIV-Il—infected hu-PBL-
SCID mice. Total human immunoglobulin M
(IgM) + IgA was determined by an enzyme-
linked immunosorbant assay (1); separate experi-
ments have shown that ~80% of the human
immunoglobulin is IgG. Hu-PBL-SCID mice
were reconstituted with PBLs (2 x 107) and
infected with 10° TCIDg, of HIV-1y at 8
weeks after reconstitution. Filled columns, infect-
ed mice; striped columns, uninfected controls in
the same experiments. Values represent the mean
+ SEM of three or four replicate values. (B)
Alterations in CD4™ T cell percentages (filled
columns) in the spleens and human immunoglob-
ulin concentrations (striped tolumns) of individ-
ual hu-PBL-SCID mice infected 8 weeks earlier
with 10* (TCIDsq) of HIV-1y;5. The CD4* T
cell numbers were determined by staining with
fluorescein-labeled monoclonal antibodies to
CD+4 as described (19). Individual mice are shown
by number code; PBL indicates normal CD4* cell
number from a PBL sample and serum immuno-
globulin concentration from the same donor.
Note that mice with persistently high human
immunoglobulin concentrations had increased
numbers of CD4™* T cells (14% maximum com-
pared to 2 to 3% in uninfected control mice). In
contrast, most mice with depressed human immu-
noglobulin concentrations had no detectable
CD4™* T cells, although some mice (for example,
82 and 92) had CD4* T cell numbers in the same
range as controls.

virus was required to infect hu-PBL-SCID
mice at 8 weeks compared to 2 weeks after
reconstitution, the number of HIV-1-in-
fectable human cells may decline with time.
The loss of CD4" T cells in some infected
mice suggests that a direct cytopathic effect
of HIV-1 infection may lead to a severe
depletion of human target cells for HIV-1
infection. This relatively simple small animal
model system may be useful for studies of
acute pathogenic effects of HIV-1 in vivo,
for therapeutic trials of agents designed to
interfere with HIV-1 infection, and for eval-
uation of candidate vaccines (21).
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The Assimilation of Elements Ingested by

Marine Copepods

JoHN R. REINFELDER AND NICHOLAS S. FISHER*

The efficiency with which a variety of ingested elements (Ag, Am, C, Cd, P, S, Se, and
Zn) were assimilated in marine calanoid copepods fed uniformly radiolabeled diatoms
ranged from 0.9% for Am to 97.1% for Se. Assimilation efficiencies were directly
related to the cytoplasmic content of the diatoms. This relation indicates that the
animals obtained nearly all their nutrition from this source. The results suggest that
these zooplankton, which have short gut residence times, have developed a gut lining
and digestive strategy that provides for assimilation of only soluble material. Because
the fraction of total cellular protein in the cytoplasm of the diatoms increased markedly
with culture age, copepods feeding on senescent cells should obtain more protein than
those feeding on rapidly dividing cells. Elements that are appreciably incorporated into
algal cytoplasm and assimilated in zooplankton should be recycled in surface waters
and have longer oceanic residence times than elements bound to cell surfaces.

HE PACKAGING OF ELEMENTS INTO

rapidly sinking particles in the ocean

is predominantly controlled by bio-
logical processes, including the production
of zooplankton fecal pellets, which concen-
trates and encapsulates unassimilated ele-
ments associated with small suspended food
particles (phytoplankton, microzooplank-
ton) (1). Elements that are largely unassim-
ilated in organisms are therefore likely to
have short residence times in surface waters,
whereas those that are assimilated should be
recycled with organic matter (2). To better
understand the cycling and vertical distribu-
tion of clements in the ocean, we have
conducted a series of experiments to mea-
sure the efficiency with which marine cope-
pods, important components of many zoo-
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plankton communities, assimilate a variety
of essential and nonessential elements in-
gested in their food.

Experiments were conducted with mono-
specific assemblages of Acartia tonsa, Acartia
hudsonica, or Temora longicornis. These cal-
anoid copepods were collected with a 63-
wm mesh according to availability from
coastal waters off Long Island, New York,
just before the experiments were performed.
Adults were separated by pipette from other
particulates and were fed uniformly radiola-
beled diatoms, Thalassiosira pseudonana
(clone 3H). The diatoms were grown axen-
ically in modified f/2 medium prepared with
sterile filtered seawater (3) to which the
radionuclides ''°"Ag, >*'Am, *C, '°°Cd,
32p 358 758e, and °®Zn were added in trace
amounts, individually or in pairs (4). Cells
were taken from cultures after at least 3 days
(=six generations) of exposure to the ra-
diotracers. We fed both diatoms that were
actively growing (log-phase cells) and senes-

cent (stationary-phase) cells to the copepods.
Feeding suspensions were 200 ml and con-
tained 1 x 10° cells per milliliter (2.2 mg of
dry weight or 6.1 x 10° pm? liter ') and 20
to 47 animals. Immediately before the feed-
ings, some of the labeled diatoms were lysed
by resuspension in deionized water (pH 8.0)
and fractionated by centrifugation to yield
three pelletized fractions (pellets 1, 2, and 3)
and a final supernatant fraction (5), each of
which was assayed for radioactivity.

Assimilation efficiencies of ingested ele-
ments in the copepods were measured in
two ways. For C and Se, a radiotracer ratio
method was followed in which *'Cr was
used as an inert tracer of bulk ingested
material in conjunction with *C (6), and
2*1Am was used as an inert tracer in con-
junction with 75Se (7). For the other ele-
ments, we calculated assimilation efficiencies
by dividing the amount of radiotracer re-
tained by the animals after gut evacuation
(8) by the amount ingested. We monitored
the grazing activity of the animals by detect-
ing changes in cell density with the use of in
vivo chlorophyll a fluorescence (9). The
radioactivity per diatom cell (10) stayed
essentially constant during the 6-hour feed-
ings. The gamma-emitting isotopes were
measured with a Pharmacia-Wallac LKB
gamma counter equipped with a well-type
Nal(T1) crystal; the beta emitters (**C, >°P,
and 355) were measured with an LKB Rack
Beta liquid scintillation counter (171).

The cellular fractionation of the radiotrac-
ers in the diatoms (Table 1) varied with the
element; for example, only 10.2% of the
total cellular 7°Se and 93.0% of the total
cellular >*!Am were contained in pellet 1.
Generally, the proportions of the nonessen-
tial elements (Ag, Am, and Cd) in the
cytoplasmic fractions (that is, in pellets 2
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