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The extent to which simian immunodeficiency virus
(SIV) replication in lung tissues contributes to the
pool of viruses replicating during acute infection is
incompletely understood. To address this issue, in
situ hybridization was used to examine SIV replica-
tion in multiple lobes of lung from rhesus macaques
infected with pathogenic SIV. Despite widespread vi-
ral replication in lymphoid and intestinal tissues, the
lungs during acute infection harbored rare produc-
tively infected cells. Simultaneous immunohisto-
chemical staining for the monocytic marker, CD68,
revealed that SIV RNA� cells in lung tissues during
acute infection were CD68�, whereas during AIDS
they were predominantly CD68� and localized in
large foci in caudal lobes. SIV RNA� cells in spleen
remained CD68� throughout disease. Since CD68 is
also expressed by subpopulations of dendritic cells
(DC), we also examined pulmonary CD68� cells for
expression of additional DC markers. DC-LAMP
mRNA was abundant in lung tissues and expressed
predominantly by CD68� cells, whereas DC-SIGN
mRNA was expressed in only very rare cells, indicat-
ing that SIV RNA� cells late in disease were most likely
macrophages. These studies of SIV/host interactions
demonstrate that macaque lung tissues are minimally
infected during acute infection, exhibit changes in pre-
dominant target cells for infection, and express very
little DC-SIGN. (Am J Pathol 2002, 161:969–978)

The lungs represent an extremely large interface be-
tween the host and environment, with the mucosal/epi-
thelial surface area of an adult human estimated to be 75
m2.1 Accordingly, among the collection of outcomes
comprising AIDS in human immunodeficiency virus
type-1 (HIV-1)-infected individuals, pathology within the
lungs is a frequent component. In two independent, ret-
rospective examinations of AIDS autopsy cases span-
ning the years 1984 to 1999,2,3 75 to 85% of cases

demonstrated pathology in lung tissues. The observation
that Pneumocystis carinii is one of the most frequent op-
portunistic pathogens affecting HIV-1-infected individu-
als also further underscores the importance of the lung as
an immunologically impaired environment during HIV-1
infection.2–7 Maintaining appropriate immune surveil-
lance and effector activities in lung tissues, and at the
appropriate levels, is important in combating pathogens
encountered through pulmonary routes, and is frequently
deficient during HIV-1 infection.

The extent to which local and systemic HIV-1 replica-
tion in humans, and simian immunodeficiency virus (SIV)
replication in rhesus macaques, contributes to disruption
of immune function in the lungs is not known. HIV-1 DNA
can be detected in bronchoalveolar lavages (BAL) ob-
tained from infected individuals throughout the course of
disease, but different studies have reported variable fre-
quencies and magnitudes of viral replication.8–10 Both
HIV-1 and SIV replicate to differing extents throughout the
course of infection with higher viral loads detected during
the acute phase and terminal stage (AIDS).11–14 During
the acute phase of SIV infection (2 weeks postinfection
[PI]) there is a high level of viral replication within lym-
phoid tissues11,13 as well as lymphoid regions of the
gastrointestinal tract.15,16 After resolution of the primary
viremia and during clinical latency, lymphoid tissue viral
loads are low11–13,17 as are intestinal and lung tissue viral
loads.11,17–19 However, the extent to which virus repli-
cates productively throughout the lungs during acute
infection has not been fully examined. Increased levels of
viral replication in the lungs appear during the shift from
clinical latency to AIDS,17 although proviral DNA can be
detected throughout the entire course of infection.10

These issues are of importance because, despite the
advent of anti-retroviral drug combinations and their
demonstrated efficacy in potent suppression of viral rep-
lication with associated immune reconstitution,20–22 there
is a persistent viral reservoir that is long-lived and likely
replenished.23 These viruses may be replicating in cells
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of the monocyte/macrophage lineage,24,25 and it is pos-
sible that the lungs serve as such a reservoir.

Examination of rhesus macaque lung tissues has dem-
onstrated productive SIV replication predominantly in
monocytes/macrophages during AIDS,18,19 although not
in all animals that succumb to the immunodeficiency-
inducing effects of the virus. During progression to AIDS,
the populations of viral variants in approximately 50% of
HIV-1-infected individuals switch from a non-syncitium-
inducing phenotype (NSI) to syncitium-inducing pheno-
type (SI) when examined in in vitro culture systems,26,27

which correlates with a switch in tropism from primary
macrophages to established T cell lines. This has led to
the supposition that macrophage-tropic (M-tropic) vari-
ants replicate early during the course of infection and T
cell tropic (T-tropic) variants replicate later. Viral tropism
has been based primarily on examination of the replicat-
ing properties of viruses in in vitro assays or, in a more
limited way, on examination of the genetic and biochem-
ical properties of the envelope glycoproteins of the vi-
ruses. Nevertheless, these important analyses do not
examine directly the population of cells that actually
serve as targets for productive viral replication within host
tissues. Recent in situ hybridization (ISH) studies have
identified T-lymphocytes as the predominant target cells
for productive infection in lymphoid tissues of HIV-1-
infected individuals28,29 and SIV-infected rhesus ma-
caques29 early during the course of infection. The relative
contributions made by T- versus M-tropic variants of SIV
to the local pool of productively replicating viruses in the
lungs during different stages of infection have not been
examined directly in tissues.

To determine the extent to which SIV/DeltaB670 pro-
ductively replicates in lung tissues during acute infection,
and in which cell types, we have comprehensively exam-
ined lung tissues from adult rhesus macaques during
acute infection or AIDS. ISH was used to detect and
quantitate SIV viral RNA� (vRNA�) cells in five lobes of
lung from each macaque. Despite widespread viral rep-
lication in lymphoid and gastrointestinal tissues, the lung
was not a major target organ for productive replication
early in the course of infection. As virus replication in-
creased in lung tissues during AIDS, there was a tissue-
specific change in the populations of productively in-
fected target cells from rare, predominantly CD68� cells
during acute infection to predominantly CD68� cells dur-
ing AIDS. Although CD68 has been a widely used marker
for monocytes/macrophages, it is also expressed by sub-
populations of dendritic cells.30 Therefore, we examined
the expression of DC-associated mRNAs and demon-
strated that although DC were numerous in parenchymal
lung tissue throughout the entire course of disease, they
were almost exclusively DC-LAMP�, CD68�, and DC-
SIGN� (dendritic-cell-specific ICAM-3 grabbing noninte-
grin). DC-SIGN, which can bind HIV and SIV and promote
its passage to other susceptible target cells,31 was ex-
pressed in lung tissue only rarely and only late in the
disease, whereas it was expressed abundantly in lym-
phoid and gastrointestinal tissues. These studies provide
a comprehensive definition of the virologic events occur-

ring during peak viral replication in SIV-infected ma-
caques within the large pulmonary compartment.

Materials and Methods

Animals and Tissue Processing

All animal studies were performed under the approval
and guidance of the University of Pittsburgh Institutional
Animal Care and Use Committee. The 12 adult rhesus
macaques (Macaca mulatta) used in this study were neg-
ative for SIV, simian retrovirus (type D), and simian
T-lymphotropic viruses -1, -2, and -3 and have been
described.17 Briefly, all animals were inoculated intrave-
nously (I.V.) and sacrificed either 2 weeks PI during the
acute phase of infection or on progression to AIDS. Dur-
ing necropsy, transcardial perfusion was performed with
0.9% saline to remove contaminating blood cells from
tissues. Tissue specimens were fixed by immersion in
fresh 4% paraformaldehyde (Sigma Co., St. Louis, MO)/
phosphate-buffered saline (Biowhittaker, Walkersville,
MD) (PF/PBS) and processed as described.32,33

Plasma Viral Loads

Quantitation of virion-associated RNA in plasma was per-
formed by real-time reverse transcriptase-polymerase
chain reaction (RT-PCR) on an ABI Prism 7700 (Applied
Biosystems, Foster City, CA) as described.34

In Situ Hybridization

ISHs were performed as described,17,35,36 except that
overnight hybridizations were performed at 50°C. The
riboprobes in these studies encompassed sequences
from four regions of the SIVmacBK28 molecular
clone34,37 spanning portions of the gag, pol, env, and nef
genes, and included positions 47–1130, 1676–3121,
6600–8266, and 8453–9267 (GenBank accession num-
ber M19499). Our generation of a rhesus macaque DC-
SIGN cDNA (GenBank accession number AF369755)
has been described.38 A rhesus macaque DC-LAMP
cDNA was generated from total RNA extracted from
snap-frozen lung using Trizol (Life Technologies, Rock-
ville, MD), and RT-PCR was performed using the Access
RT-PCR System (Promega Corporation, Madison, WI)
and the following cycling parameters: 48°C for 45 min-
utes; 94°C for 2 minutes; 30 cycles of 94°C for 30 sec-
onds, 54°C for 30 seconds, and 68°C for 2 minutes; and
68°C for 3 minutes. The primer sequences were YKCD-
CLAMPF1 (5�-ATGCCCCGGCAGCTCAGCGCGGCGG-3�)
and YKCDCLAMPR1 (5�-TTAGATTCTCTGGTATCCAGA-
TGA-3�), based on the human sequences.39 Products
were ligated to the pGEM-T vector (Promega) and se-
quenced completely in both directions using manual and
automated strategies (GenBank accession number
AF416334).
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Simultaneous ISH and Immunohistochemistry
(IHC)

Following stringent ISH and washing, tissue sections
were equilibrated in 1X PBS for 5 minutes, and blocked
for 1 hour at room temperature in 5% nonfat dry milk/1X
PBS supplemented with 1.6% horse serum. Excess
blocking agent was removed and the anti-CD68 mAb
(clone KP1 (1:50 dilution), Dako Corp., Carpinteria, CA)
was applied to the tissue and incubated for 45 minutes at
room temperature in a humid chamber. The sections
were washed twice in 1X PBS for 3 minutes, and antigen-
positive cells were detected by the ABC method (Vector
Labs, Burlingame, CA) using 3,3�-diaminobenzidine as
the substrate. The reaction was stopped after 8 to 10
minutes by rinsing in 1X PBS, and the tissues were de-
hydrated in graded ethanols containing 0.3 mol/L ammo-
nium acetate. SIV vRNA� cells were then detected by
emulsion autoradiography with exposure times of 2 to 3
days, and DC-LAMP and DC-SIGN mRNA� cells were
detected with exposure times of 7 days.

Image Capture and Analysis

For the quantitation of the numbers of vRNA� cells in
lungs, 10 random microscopic fields from each lung tis-
sue section were captured through a 60X Plan apochro-
mat objective using the Metaview software package (Uni-
versal Imaging Corp., West Chester, PA) and a RT Slider
Spot camera (Diagnostic Instruments, Inc., Sterling
Heights, MI). Each nucleus and productively infected cell
was counted from each captured image using the man-
ual counting feature of Metaview. The percentages of SIV
vRNA� cells that expressed CD68 were examined in the

same manner, and 100 SIV vRNA� cells per section were
categorized as CD68 positive or negative. The percent-
ages of DC-associated mRNA� cells that expressed
CD68 were examined in the same manner, and 100 DC-
LAMP or DC-SIGN mRNA� cells per section were cate-
gorized as CD68 positive or negative.

Results

Minimal Productive SIV Replication in Lung
Tissues during Acute Infection, Despite
Widespread Systemic Infection

To examine comprehensively the viral and immunological
events in lung tissues and their timing throughout the
course of infection, 12 adult rhesus macaques (Table 1)
were inoculated intravenously with a characterized stock
of SIV/DeltaB67040 and sacrificed at different times after
infection. Of these animals, eight were sacrificed 2 weeks
PI, which is when plasma viral loads41 and lymphoid
tissue viral loads11 reach their maximal levels. The re-
maining four macaques were maintained until they pro-
gressed to AIDS, between 21 and 55 weeks PI.

The extent of systemic SIV replication in each animal
was examined by real-time RT-PCR quantitation of viral
RNA in plasma (Figure 1) and ISH detection of SIV
vRNA� cells in lymphoid tissues (Table 1). At necropsy,
the plasma RNA levels ranged from 5.4 � 104 to 1.0 �
108 copies/ml with a geometric mean of 1.2 � 107 cop-
ies/ml for the acute phase samples available. The plasma
RNA levels at necropsy for the macaques that pro-
gressed to AIDS ranged from 5.4 � 105 to 2.8 � 107

copies/ml with a geometric mean of 1.8 � 106 copies/ml.

Table 1. Rhesus Macaques, SIV in Situ Hybridization Signals, and Clinicopathological Findings

Animal
Duration

infection* (wk)

SIV vRNA� cells† SIV vRNA�

cells/nuclei
in lung‡ Clinicopathological findings§Spleen AxLN Jejunum

M5299 2 � � �� 5/11,232 Mild hypercellularity in LN; gastritis
M5499 2 �� �� �� 8/8,490 Reduced % CD4� T-lymphocytes
M5599 2 �/� �/� � 0/8,983 None
M5699 2 � �� � 1/6,073 None
M0999 2 � � �/� 1/6,434 None
M5899 2 � � � 0/5,594 Reduced % CD4� T-lymphocytes;

mild LH; gastritis
M5999 2 � � �� 0/6,469 Reduced % CD4� T-lymphocytes
M6299 2 � �� �� 0/6,718 Reduced % CD4� T-lymphocytes

M1799 21 � � � 3/9,389 Weight loss; CD4� T-lymphocyte
loss; LH; Pc

M5199 24 � � �/� 5/9,953 Weight loss; CD4� T-lymphocyte
loss; LH; Pc

M6199 32 � � � 5/5,958 Weight loss; CD4� T-lymphocyte
loss; LH; mild encephalitis

M5799 55 � � � 11/8,191 Weight loss; CD4� T-lymphocyte
loss; LH; B lymphocytic lymphoma

*All macaques were inoculated intravenously with a characterized stock of pathogenic isolate SIV/DeltaB670,44 and have been described.37

Clinicopathological data are presented here again for comparative purposes.
†SIV vRNA� cells in spleen, axillary lymph node (AxLN) and jejunum were hybridized with SIV-specific riboprobes: �/�, �5 vRNA� cells/mm2; �,

5–50 vRNA� cells/mm2; ��, 51–100 vRNA� cells/mm2; ���, �100 vRNA� cells/mm2.
‡Number of vRNA� cells/total nuclei in 10 random fields in lung sections hybridized with SIV-specific riboprobes.
§LN, lymph node; LH, lymphoid hyperplasia; Pc, Pneumocystis carinii infection.
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The extents of SIV replication in lymphoid tissues, as
determined by ISH, were concordant with the plasma
viral RNA loads. The numbers of vRNA� cells in spleen
tissue sections from each animal sacrificed during the
acute phase of infection ranged from 2.2 to 57.0 vRNA�

cells/mm2, with animal M5599 harboring the fewest
vRNA� cells (Table 1). M5599 also had the lowest
plasma viral RNA loads among all of the animals sacri-
ficed 2 weeks PI. Parallel ISH analyses of axillary lymph
nodes and intestinal tissues (Table 1) revealed that three
of the eight animals harbored abundant vRNA� cells in
lymph node, whereas four animals had abundant vRNA�

cells in the jejunal lamina propria. These findings pro-
vided further evidence of widely disseminated SIV repli-
cation during the acute phase of infection. In comparison,
the numbers of vRNA� cells in spleen tissue sections
from animals that progressed to AIDS at rapid (M1799
and M5199) or intermediate (M6199 and M5799) rates
were lower than in the animals sacrificed 2 weeks PI
(Table 1). These data indicated that in all animals except
one there was extensive systemic viral replication during
acute infection and AIDS.

To determine the extent to which SIV was productively
replicating in lung tissues during acute infection and

AIDS, we used ISH to identify SIV vRNA� cells in tissue
sections from each of five lobes of lung in each macaque.
The numbers of vRNA� cells in 10 random, high power
microscopic fields were manually counted after capturing
digital images. To account for the inherent acellularity of
lung tissues, variably sized alveolar spaces, and/or com-
pression during tissue sectioning, the total numbers of
nuclei present in each field also were counted. In this
way, the numbers of vRNA� cells per captured field were
normalized for the total number of cells in that field. Using
this sampling strategy, vRNA� cells could be observed,
but were rare in all lobes of lung from all 12 macaques in
this study, regardless of disease state at necropsy (Table
1). Examination of 600 random high power fields and
93,484 total cells revealed that there were only 39 vRNA�

cells, 24 of which were observed in the lung tissues from
the four animals with AIDS. These values were not signif-
icantly different between the acute infection and AIDS
groups. Therefore, despite widespread, systemic infec-
tion in these macaques (Figure 1 and Table 1), there was
a paucity of vRNA� cells in lung tissues.

The sampling strategy we used provided an estima-
tion of the vRNA� cell burden, but assumed produc-
tively infected cells were evenly distributed throughout
the tissue. Complete examination of each tissue sec-
tion revealed the presence of lobe-specific foci of
vRNA� cells in the lungs of all animals with AIDS
(Figure 2B). The focal collections of vRNA� cells were
large, consisting of approximately 40 to 500 vRNA�

cells in a single 14-�m section, and were detected in
the caudal lobes of lung from all four macaques with
AIDS, but not in any of the lung tissues from the ani-
mals sacrificed during acute infection. In animals
M1799, M5199, and M5799, the left caudal lobes of
lung contained a large focus of vRNA� cells, whereas
only the right caudal lobe of animal M6199 contained
such a focus. Although not fully reflected in the random
sampling of 10 high power fields, the viral burden in the
lungs from macaque M5799 was the highest among
the 12 macaques in this study. Notably, M5799 was
also infected with SIV for the longest duration (55
weeks). These data demonstrated that during the
acute phase of infection with SIV/DeltaB670, lung tis-
sues were not a major target organ for productive viral
replication, and that during AIDS, this anatomical com-
partment did not necessarily universally harbor large
numbers of productively infected cells, although small
numbers of large focal collections were present in all
animals with AIDS.

Changes in Populations of Target Cells for SIV
Infection in Lung Tissues during Progression to
AIDS

Productive SIV replication in lung tissues, as observed in
animals with AIDS and in AIDS patients, has been asso-
ciated with selective replication in cells of the monocyte/
macrophage lineage,19,42 such as alveolar macrophages
(AMs). To determine the extent to which actively replicat-
ing SIV variants in lung tissues were preferentially repli-

Figure 1. Plasma viral loads in rhesus macaques infected with SIV/
DeltaB670. Plasma viral loads of SIV-infected rhesus macaques were deter-
mined by real-time (Taqman) RT-PCR. The plasma viral loads of the ma-
caques sacrificed at 2 weeks PI (A) and the macaques sacrificed during AIDS
(B) are shown as copies of vRNA/ml of plasma. Endpoints (†) indicate that
the animal became moribund and was humanely sacrificed.
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cating in monocytes/macrophages during the different
stages of disease, we simultaneously performed ISH for
SIV RNA and IHC for the monocyte/macrophage lineage
marker, CD68 (Figure 2, C–F). In the lung tissues from
animals sacrificed during acute infection, only a small
proportion (4.0%) of the rare vRNA� cells were of the
monocyte/macrophage lineage (ie, CD68�; Figure 2C
and Figure 3). In contrast, 85.9% of vRNA� cells in the
lung tissues obtained from animals with AIDS were
CD68� (Figure 2E and Figure 3). This increase in the
proportion of vRNA� cells that were CD68� was not due
to an influx of CD68� cells, because the proportion of
total cells that were CD68� was very similar during acute
infection (4%) and AIDS (7%). Parallel analysis of spleen
tissues from these same animals indicated that in this
anatomical compartment there was no change in the
predominant target cells for the replicating SIV variants.
Only 3.1% and 4.4% of vRNA� cells were CD68� in the
spleens during acute infection and AIDS, respectively
(Figure 2, D and F, and Figure 3). The productively in-
fected CD68� cells were likely CD3� T-lymphocytes, but
attempts to stain for CD3� by IHC, while simultaneously
performing ISH for SIV RNA, were unsuccessful. In sum-
mary, there was a pulmonary-specific change in the pre-
dominantly infected target cells, from CD68� to CD68�,
between the acute phase of infection and AIDS.

To characterize more fully the pulmonary CD68� cells,
which were targets for infection during AIDS, we per-
formed ISH with probes for the DC-associated mRNAs,
DC-SIGN, and DC-LAMP. DC are professional antigen-
presenting cells that are present in both the conducting

Figure 2. In situ hybridization detection of SIV vRNA� cells and simultaneous detection of SIV and CD68 in rhesus macaque tissues. ISH was performed on lung
tissues (M5499, A; M1799, B) with a pool of SIV-specific anti-sense riboprobes and representative fields are presented. The arrows in (A) denote SIV vRNA� cells.
Simultaneous ISH for SIV and IHC for CD68 was performed on lung tissue (M5299, C; M1799, E) and spleen (M5299, D; M5799, F). Productively infected cells
are identified by the overlying collection of silver grains and CD68� cells are identified by the brown precipitate. The arrows in C and D denote SIV
vRNA�/CD68� cells. Parallel hybridizations with control sense riboprobes provided no autoradiographic signal. The bar in A represents 100 �m (A and B),
whereas the bar in C represents 20 �m (C–F). Original magnifications, �200 (A and B) and �600 (C–F).

Figure 3. Proportions of vRNA� cells that were CD68� in lung and spleen
tissues from SIV-infected rhesus macaques. ISH for SIV RNA and IHC for
CD68 were applied simultaneously to identify productively infected cells that
were CD68� monocytes/macrophages. Presented are the percentages of
vRNA� cells that were also CD68�. Whenever possible �100 vRNA� cells
were examined from each animal for each tissue. The data from all five lobes
of lung have been combined for each animal. Lung tissues examined that
contained no vRNA�/CD68� cells are indicated (*).

SIV Replication in Macaque Lung Tissues 973
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airways and in the parenchyma of the lungs,43 and sub-
populations of DC have been reported to express
CD68.30 DC-SIGN is expressed more intensely by imma-
ture DC than by mature DC44,45 and can serve as a viral
attachment factor that enhances HIV and SIV replication
in trans45 and in cis-,46 whereas DC-LAMP is a DC-
specific lysosome-associated glycoprotein expressed
predominantly by mature DC.39,44 In the lungs of all 12
SIV-infected animals, as well as two uninfected controls,
DC-LAMP mRNA� cells were dispersed throughout the
lung parenchyma (Figure 4A) with the most prominent
populations of DC-LAMP mRNA� cells localized in alve-
olar septal walls. DC-LAMP mRNA� cells comprised be-
tween 10.8 � 1.6% to 11.1 � 2.8% of the total nuclei in
the lung sections regardless of disease state and were
predominantly CD68� (98.2%). Despite the presence of
abundant DC in lung tissues, DC-SIGN mRNA� cells
were extremely rare in this compartment in all uninfected
and acutely infected animals, and in nearly all animals
with AIDS. Rare DC-SIGN mRNA� cells were observed in
alveolar spaces and within alveolar walls in macaque
M5799, which developed AIDS and had higher levels of
local SIV replication in the lungs. The DC-SIGN mRNA�

cells in lung tissues of this animal were predominantly
CD68� (85.9%) (eg, Figure 4B). The paucity of DC-SIGN
mRNA� cells in lung tissues was in striking contrast to the
abundant expression of DC-SIGN in intestinal and lym-
phoid tissues (eg, Figure 4, C and D), which generally

harbored abundant vRNA� cells during acute infection
(Table 1). In summary, the pulmonary CD68� cells pro-
ductively infected with SIV during AIDS were most likely
macrophages and not DC.

Discussion

We have presented evidence here that the lungs are not
a major target organ for productive viral replication dur-
ing the acute phase of infection, through comprehensive
examination of tissue sections from five lobes of lung from
each of eight SIV-infected rhesus macaques. This is in
contrast to the high level of viral replication occurring in
the lymphoid and intestinal tissues. We also have dem-
onstrated that the rare SIV vRNA� cells present in the
lungs during acute infection are CD68� and most likely
T-lymphocytes, whereas, the more abundant vRNA�

cells in the lungs during AIDS are predominantly CD68�

cells, which morphologically and microanatomically ap-
pear to be AMs. Although, CD68 is also expressed by a
subpopulation of DC,30 we determined that �98% of the
DC in the macaque lung were CD68�. Therefore, the
vRNA�/CD68� cells in macaque lung tissues were most
likely macrophages.

SIV productively infected cells can be very abundant in
lung tissues during AIDS,11–13,18,19 but are extremely rare
during clinical latency.18,19 The data presented here rep-

Figure 4. In situ hybridization detection of DC-LAMP� and DC-SIGN� cells in rhesus macaque lung tissues. ISH with DC-LAMP- or DC-SIGN-specific riboprobes
was performed on lung, intestinal and lymphoid tissues and representative fields are presented. The DC-LAMP anti-sense riboprobe was hybridized to lung tissue
from an uninfected rhesus macaque (A). Simultaneous ISH for DC-SIGN and IHC for CD68 was performed on lung tissues from a macaque with AIDS (M5799,
B). The DC-SIGN anti-sense riboprobe was also hybridized to jejunal (C) and spleen (D) tissues from an uninfected macaque. Parallel hybridizations with control
sense riboprobes provided no autoradiographic signal. The bars in A and C represent 50 �m and apply to (A and B) and (C and D), respectively. Original
magnifications, �600 (A and B) and �200 (C and D).
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resent the most comprehensive examination to date of
productive SIV replication in lung tissues during the acute
phase of infection when viral replication reaches a high
peak.11,41 By examining tissue sections from each of five
lobes of lung obtained from eight rhesus macaques dur-
ing acute infection following intravenous infection with the
pathogenic SIV/DeltaB670 isolate, we have shown that
despite widespread systemic replication of SIV in lym-
phoid and intestinal tissues (Table 1) and peripheral
blood (Figure 1), there was a paucity of SIV vRNA� cells
in all lung tissues examined. Therefore, lung tissues are
not a target organ that is seeded to the same extent
during acute infection, as are lymphoid and intestinal
tissues. If the lungs are a persistent viral reservoir
throughout the course of infection, this reservoir is com-
prised of only a small pool of locally replicating viruses
during acute infection (Table 1) and clinical latency.18,19

The four macaques in this study that progressed to AIDS
also had low numbers of vRNA� cells in lung tissues,
which may be a function of the duration of infection. This
is supported by the observation that the largest numbers
of vRNA� cells were detected in lung tissues from the
animal (M5799) infected for the greatest duration. De-
spite only minimal local viral replication, two of these
animals (M1799 and M5199) had evidence of active in-
fection with P. carinii in the lung.47 These observations are
consistent with findings by Mankowski et al,19 and pro-
vide support that local immunological dysfunction in lung
tissues is a consequence of systemic viral replication and
its immunopathological consequences, rather than a
consequence only of local viral replication within the
lungs.19

Although viral replication in the lung tissues from the
animals with AIDS was not widespread, we consider the
cell-associated viral burdens to have been higher than in
the acutely infected animals, due to discrete focal collec-
tions of vRNA� cells (eg, Figure 2B). These focal collec-
tions of productively infected cells were large (�40
vRNA� cells per 14-�m section) and were detected ex-
clusively in the caudal lobes in three of the four animals
with AIDS, and in the middle and caudal lobes in the one
animal that was infected for the longest duration. It is not
clear why the caudal lobes were a microanatomic site in
which SIV preferentially replicated and the reasons for
this are most likely multifactorial. One possibility is that
there are distinct populations of cells in this specific
microenvironment that are more susceptible to infection
by SIV. There are examples of distinct populations of
cells in different pulmonary microenvironments, as dem-
onstrated for DC in dorsal and ventral pulmonary epithe-
lia,48 and this might be true for subpopulations of mac-
rophages as well. Alternatively, trafficking of specific cell
populations to this microanatomic region, whether under
normal or diseased conditions, might be different from
other regions. Additionally, distinct and possibly chang-
ing cytokine environments in the lower respiratory regions
might provide suitable niches that allow specific viral
variants to replicate (discussed below).

It is unclear why viral replication in lung tissues is
limited during acute infection, as this anatomical com-
partment is highly vascularized and continually exposed

to plasma-associated virus and large numbers of traffick-
ing cells, including T-lymphocytes. The restriction of viral
replication during acute infection and the expansion of
vRNA� cells during AIDS could be explained in part due
to the selection of viral variants that preferentially repli-
cate in cells of the monocyte/macrophage lineage. There
is evidence for this from studies of molecularly cloned
SIVs, such as SIVmac239, that are categorized as T-
tropic but expand their tropism to include monocytes/
macrophages as infection progresses in rhesus ma-
caques.24,49,50 The data we have presented here are
consistent with such an interpretation. The rare vRNA�

cells detected in lung tissues from SIV/DeltaB670-in-
fected rhesus macaques during the acute phase of in-
fection were predominantly CD68�, whereas during AIDS
the vRNA� cells were predominantly CD68�. Although
we have not examined the env nucleotide sequences or
the co-receptor usage of the viruses present in the lung
tissues in our animals, we argue that direct examination
of the types of cells that are productively infected in the
host tissues is an equally rigorous determination of tro-
pism. Our findings suggest that in lung tissues the pre-
dominant target cells for productive infection are initially
T-lymphocytes, but on progression to AIDS, they are
monocytes/macrophages. We cannot rule out the possi-
bilities that the early CD68� target cells are not T-lym-
phocytes, and that the late CD68� target cells were not
monocytes/macrophages. However, by simultaneously
examining pulmonary CD68� cells for DC-LAMP and DC-
SIGN expression, we have demonstrated that �98% of
the CD68� cells are DC-LAMP� and DC-SIGN�. There-
fore, these CD68� cells are most likely macrophages.
Importantly, the predominant target cells for SIV and
HIV-1 infection in lymphoid tissues early after exposure to
virus have been previously determined to be CD3� T-
lymphocytes.28,29

The causes of the differences in the cellular targets of
the productively replicating SIVs in lung tissues during
acute infection versus AIDS are likely multifactorial. Pro-
gressive erosion of the collective immune responses
against SIV might allow additional variants to eventually
grow, particularly if they are provided with an appropriate
niche. Before fulminant immunodeficiency, strong and
effective immune responses might force the evolution of
viral variants that have expanded cellular tropisms that
are advantageous to the virus. Such advantages could
include replication in cells that are less efficiently recog-
nized and killed by virus-specific CTL, such as macro-
phages,51 or the ability to replicate via a CD4-indepen-
dent mechanism.52 Interestingly, selection for replication
in CD68� target cells late in disease is not completely
systemic, since the vast majority of vRNA� cells in the
spleen tissues from rhesus macaques with AIDS were
predominantly CD68� (Figure 3). This could be due to
different cytokine environments in lymphoid and lung
tissues. There is evidence that a type 1 cytokine environ-
ment induced by complete Freund’s adjuvant and con-
sisting of IFN-� is inhibitory to viral replication in macro-
phages in SHIV-infected rhesus macaques and in in vitro
cultures.53 In contrast, a type 2 cytokine environment
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induced by Schistosoma mansonii eggs and consisting of
IL-4 is supportive of viral replication in macrophages.53

We33 and others54–57 have demonstrated that IFN-� lev-
els are elevated in lymphoid tissues from SIV-infected
rhesus macaques and HIV-1-infected individuals, indi-
cating that there is a predominantly type 1 environment in
lymphoid tissues during infection. A sustained type 1
environment in lymphoid tissues might therefore favor
continued and ongoing replication selectively in T-lym-
phocytes.

CD68 is not expressed solely by monocytes/macro-
phages, but also by a subpopulation of DC.30 For this
reason, we examined the expression levels and patterns
of the DC-associated mRNAs, DC-SIGN and DC-LAMP,
directly in lung tissues. DC-LAMP mRNA� cells were
abundant in lung tissues, comprising approximately 11%
of the total cells, regardless of disease state, although
only 2% of the DC-LAMP mRNA� cells were also CD68�.
However, DC-SIGN mRNA� cells were rare in lung tis-
sues from all macaques regardless of disease state,
except in one macaque with AIDS (M5799) in which SIV
had disseminated somewhat in the lungs. The associa-
tion between the general absence of local DC-SIGN ex-
pression and the limited extent of virus replication sug-
gests that the paucity of local DC-SIGN might play a role
in restricting virus replication within lung tissues. Consis-
tent with this interpretation are our findings (eg, Figure 4)
and those of others,58 that DC-SIGN is abundantly ex-
pressed in lymphoid and intestinal tissues, in which SIV
generally replicates to high levels early (Table 1) and
throughout infection.11,41 DC-SIGN binds to the surface
glycoproteins of HIV-1 and SIV, increases the half-life of
bound virus, and maintains the virus in a form that is
infectious for other susceptible target cells such as CD4�

T-lymphocytes,59,60 although the necessity for DC-SIGN
in these DC/T-cell/virus interactions is not yet entirely
clear.61 In addition, expression of DC-SIGN on cells that
also express viral receptors can increase the suscepti-
bility of the cells to infection.46 Further analyses will be
required to determine precisely what role DC-SIGN is
playing in the replication of SIV in lung and other tissues.

In summary, these studies demonstrate that during
acute infection lung tissues harbor only rare productively
infected cells that are CD68�, but as the infection
progresses SIV replicates predominantly in CD68� cells
of the monocyte/macrophage lineage. In addition, the
predominant target cells for infection in lymphoid and
lung tissues are different during AIDS. Although our data
suggest that the very limited expression of DC-SIGN in
lung tissues compared to lymphoid and intestinal tissues
is associated with restricted local SIV replication, addi-
tional studies will be necessary to further evaluate this.
These studies underscore the ongoing need for system-
atic and coordinated examination of the in vivo target
tropisms of replicating viruses and of the local immune
environment directly in tissues from each anatomical
compartment during different stages of disease to better
understand overall virus/host interactions and ensuing
pathogenesis.
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