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To identify the early target cells and tissues in transmucosal feline immunodeficiency virus (FIV) infection,
cats were exposed to a clade C FIV isolate via the oral-nasal or vaginal mucosa and multiple tissues were
examined by virus isolation coculture (VI), DNA PCR, catalyzed tyramide signal-amplified in situ hybridiza-
tion (TSA-ISH), and immunohistochemistry between days 1 and 12 postinoculation (p.i.). FIV RNA was
detected in tonsil and oral or vaginal mucosa as early as 1 day p.i. by TSA-ISH and in retropharyngeal,
tracheobronchial, or external iliac lymph nodes and sometimes in spleen or blood mononuclear cells by day 2,
indicating that regional and distant spread of virus-infected cells occurred rapidly after mucosal exposure. By
day 8, viral RNA, DNA, and culturable virus were uniformly detected in regional and distant tissues, connoting
systemic infection. TSA-ISH proved more sensitive than DNA PCR in detecting early FIV-infected cells. In
mucosal tissues, the earliest demonstrable FIV-bearing cells were either within or subjacent to the mucosal
epithelium or were in germinal centers of regional lymph nodes. The FIV� cells were of either of two
morphological types, large stellate or small round. Those FIV RNA� cells which could be colabeled for a
phenotype marker, were labeled for either dendritic-cell-associated protein p55 or T-lymphocyte receptor
antigen CD3. These studies indicate that FIV crosses mucous membranes within hours after exposure and
rapidly traffics via dendritic and T cells to systemic lymphoid tissues, a pathway similar to that thought to
occur in the initial phase of infection by the human and simian immunodeficiency viruses.

Human immunodeficiency virus type 1 (HIV-1) has infected
�60 million people worldwide, the vast majority transmuco-
sally (81). Although HIV is transmitted most frequently across
the genital mucosa, multiple reports suggest that infection also
can be transmitted across the oral mucosa (42, 70; M. M.
Berrey and T. Shea, Letter, J. Acquir. Immune Defic. Syndr.
Hum. Retrovir. 14:475, 1997; H. C. Lane, S. D. Holmberg, and
H. W. Jaffe, Letter, Am. J. Public Health 81:658, 1991). How
HIV crosses the mucosal barrier, its initial cellular targets, and
how virus dissemination ensues are questions difficult to study
in humans. Feline immunodeficiency virus (FIV) infection, the
feline counterpart of HIV (5–7, 60, 79), also can be transmitted
by mucosal exposure, by blood transfer, and vertically from
mother to offspring (11, 57, 58, 61, 72, 85).

The initial cells infected in the process of transmucosal len-
tivirus infection remain to be completely defined. Recent evi-
dence points to dendritic cells (DC). Mucosal and blood DC
have been shown to be efficient vectors for HIV transmission
to T cells in vitro (3, 12, 31, 65). For macaques chronically
infected with simian immunodeficiency virus (SIV) it has been
demonstrated that as many as 40% of the SIV-infected cells in
the vagina and cervix are Langerhans cells (LC), i.e., mucosal
DC (44, 46). Hu and colleagues (37) have demonstrated SIV-
infected LC-like cells subjacent to the cervicovaginal epithe-
lium within 24 h and have documented virus entry into mucosal
DC within 2 h after vaginal exposure.

Other evidence suggests that epithelial cells may be involved
in mucosal lentivirus infection via viral transcytosis (9, 62) and
that the virus may rapidly target T cells. After in vivo exposure
of the tonsillar mucosa, CD4� T cells subjacent to the antigen-
transporting tonsillar crypt epithelium were the first cells in
which SIV infection was detected (76). After intrarectal SIV
inoculation (14), the first cells bearing SIV infection detected
were T cells in regional lymph nodes (LN).

Still other evidence suggests that a key property of mucosally
transmitted viruses may be the ability to infect macrophages
(26, 50, 67, 71, 82). HIV RNA and DNA have been demon-
strated in macrophages at the mucosal-stromal junction of the
endocervical junctional zone (54). The initial SIV-infected
cells detected after intravaginal inoculation were identified
as primarily submucosal macrophages (45, 46). After ex vivo
exposure of human vaginal and cervical mucosal explants to
HIV, macrophages were the first cells detectably infected (32).
By contrast, several studies have concluded that no selection
for macrophage-tropic, non-syncytium-inducing viruses occurs
during sexual transmission (24, 52, 69, 91). Moreover, the
transmissibility of SIV isolates via the vaginal route does not
correlate with in vitro macrophage tropism (20, 44), and mono-
nuclear cells in the cervicovaginal tissues are permissive for
both R5- and X4-tropic HIV strains (36).

Thus further studies of the early pathways, tropisms, and
kinetics of transmucosal lentivirus infections will be important
in understanding how HIV-1 and other lentiviruses breach or
exploit the first lines of host defense to establish infection. To
this end, we examined the earliest sites of FIV replication
following mucosal exposure to a highly replicative, mucosally
transmissible clade C FIV (FIV-C) isolate (16, 55, 56).
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MATERIALS AND METHODS

Animals, inoculation, and sample collection. (i) Oral-nasal inoculation. Eight-
to 10-week-old weanling specific-pathogen-free (SPF) cats from a breeding col-
ony maintained at Colorado State University (Fort Collins) were exposed to
FIV-C by dropwise instillation of either 2 ml of a cell-free infectious culture at
300 50% tissue culture infective doses (TCID50)/ml (n � 18) or 4 � 105 infec-
tious peripheral blood mononuclear cells (PBMC) (n � 8) onto the oral and
nasal mucosae while under anesthesia. For oral inoculation, the animals were
positioned upright to facilitate oral-nasal exposure and to prevent aspiration.

(ii) Vaginal inoculation. Female SPF weanling age kittens were exposed to
FIV by depositing either 500 �l of a cell-free infectious FIV-C culture at 300
TCID50/ml (n � 7), 500 �l of a cell-free infectious FIV-B culture at 400
TCID50/ml (n � 5), or 2 � 105 FIV-C infectious PBMC (n � 3) into the vagina
with a 3[1/2] French Tom Cat catheter (Sherwood Medical, St. Louis, Mo.).
Following instillation of virus inoculum, the animals were positioned with hind-
quarters elevated for 20 min to facilitate retention of inoculum.

Sampling. At 1- to 2-day intervals during the first 12 days postinoculation
(p.i.), one or two cats were necropsied. Multiple mucosal and lymphoid tissues
were collected and fixed in 10% buffered formalin for �18 h before histologic
processing and paraffin embedding. Tissues harvested included spleen; bone
marrow; thymus; retropharyngeal, submandibular, gastric, tracheobronchial,
mesenteric colic, sacral, iliac, and popliteal LN; tonsils; liver; gastrointestinal
tract; lungs; salivary glands; oral-nasal and vaginal mucosae; and brain. Parallel
tissue samples were collected in liquid nitrogen for nucleic acid extraction. Small
portions of the retropharyngeal and submandibular LN from 11 of the 26 cats
subjected to oral-nasal inoculation and 2 control cats were collected in media for
virus isolation coculture.

Viral inocula. Three viral inocula were employed: (i) cell-free virus prepared
as supernatant from a coculture of PBMC from SPF donor cats with PBMC from
FIV-C-PGammer-infected cats (16), (ii) cell-free virus prepared as supernatant
from a coculture of naive PBMC with PBMC from an FIV-B-2542-infected cat
(74), and (iii) a cellular inoculum consisting of PBMC isolated from a cat (cat
3823) acutely infected with FIV-C-PGammer. Cats inoculated orally received 4
� 105 infected PBMC in a volume of 1.0 ml, and cats inoculated vaginally
received 2 � 105 infected PBMC in a volume of 0.5 ml. The number of infected
PBMC inoculated was calculated by dilutional DNA PCR.

Virus isolation. PBMC and LN cells (LNC) were separated by density gradient
centrifugation (Histopaque 1077; Sigma) from heparinized samples and washed
twice with phosphate-buffered saline (PBS). LNC were mechanically dispersed
by passage through a wire strainer and resuspended in PBS. Naive donor PBMC
were obtained from SPF cats and stimulated with concanavalin A (10 �g/ml;
Sigma) for 3 to 7 days. One million naive cells were cocultured with either 106

PBMC or LNC from FIV-exposed cats in RPMI medium supplemented with
20% fetal calf serum, 1% penicillin-streptomycin, 2% glutamine, 2 � 10�5 M
2-mercaptoethanol, and 100 U of interleukin-2/ml (Cetus/Roche, Emeryville,
Calif.). Cells were cultured in 24-well plates. Supernatants were collected twice
weekly and assayed for FIV p24 by a capture enzyme-linked immunosorbent
assay (17).

PCR primers and probes. Primers were selected with the Oligo Primer Anal-
ysis Software program (National Biosciences, Inc., Plymouth, Minn.) from the
gag nucleotide sequence of FIV-C-PGammer obtained from J. I. Mullins (Uni-
versity of Washington, Seattle). The first-round CgagU1 and CgagL1 primers
amplified a fragment 623 bp in length. The primer sequences were as follows:
CgagU1 (nucleotides 65 to 80), GGGTAGGGGGAAAGAG; CgagL1 (nucleo-
tides 673 to 656), AGTGAAGTATGGCAATGG. The second-round CgagU2
and CgagL2 primers amplified a fragment 301 bp in length. The primer se-
quences were as follows: CgagU2 (nucleotides 649 to 631), AAGCCGAGAGG
AAAGGAA; CgagL2 (nucleotides 367 to 384), GACCATCAGGAGGGTGA
GT. The sensitivity of the nested PCR, determined by using plasmid DNA
containing the FIV-C gag gene, was found to be between 1 and 10 copies of target
sequence.

Specificity of the PCR products was determined with a 22-mer probe (nucle-
otides 513 to 534; ATTATGGTTTACAGCCTTTTCG) designed to recognize
both first- and second-round products. The probe was labeled with alkaline
phosphatase (AP) by using the AP-Oligonucleotide labeling kit (Boehringer
Mannheim, Indianapolis, Ind.). Following standard Southern blot transfer of the
PCR product from a 1.2% agarose gel to a positively charged nylon membrane
and hybridization of the AP-conjugated oligoprobe using QuikHyb hybridization
solution (Stratagene, La Jolla, Calif.), the bound probe was visualized with
Quantum Yield chemiluminescent substrate (Promega, Madison, Wis.) and
XAR autoradiography film (Eastman Kodak Company, New Haven, Conn.).

For analysis of DNA extracted from formalin-fixed paraffin-embedded tissues

a second set of nested FIV-C gag gene-specific PCR primers and a complemen-
tary probe were designed as described above. The first-round PCgagU1 and
PCgagL1 primers amplified a fragment 393 bp in length. The primer sequences
were as follows: PCgagU1 (nucleotides 475 to 495), GAAAAGGCAAGAGAA
GGGTT; PCgagL1 (nucleotides 867 to 847), GGCATAATCTGAAGGTCC.
The second-round PCgagU2 and PCgagL2 primers amplified a fragment 144 bp
in length. The primer sequences were as follows: PCgagU2 (nucleotides 671 to
692), GACCATTGCCATACTTCACTGC; PCgagL2 (nucleotides 815 to 793),
CTTTTATAGCCGCCAACTTTCC. The sensitivity of the nested PCR, deter-
mined by using plasmid DNA containing the FIV-C gag gene, was found to be
between 1 and 10 copies of the target sequence. A 25-mer probe (nucleotides 723
to 698; TGAGTCAGCCCTATCCCCATTATCT) was designed to recognize
both first- and second-round products.

PCR protocol. DNA was extracted from PBMC, frozen tissue samples, and
formalin-fixed paraffin-embedded tissues with a QIAamp tissue kit (Qiagen, Inc.,
Chatsworth, Calif.). One-microgram DNA samples were amplified in duplicate
by nested PCR using FIV-C-specific gag primers. Replicates with discordant
results were repeated in duplicate. For DNA extracted from PBMC or frozen
tissue samples the first set of nested FIV-C gag primers were used to amplify a
final product of 301 bp. For both first- and second-round reactions, hot-start
PCR was performed with Ampliwax PCR Gems (Perkin-Elmer Corp., Norwalk,
Conn.) for 35 cycles of 94, 57, and 72°C for 30 s each. The first- and second-round
reaction mixtures contained 3 mM MgCl2, 200 �M (each) deoxynucleoside
triphosphate (dNTP), 1.25� Gene Amp 10� PCR buffer II (Perkin-Elmer
Corp.), 2.5 U of Ampli Taq DNA polymerase (Perkin-Elmer Corp.), and 0.1 �M
(each) first-round primer or 0.05 �M (each) second-round primer, respectively.
For DNA extracted from formalin-fixed paraffin-embedded tissues the second
set of nested FIV-C gag primers were used to amplify a final product of 144 bp.
For both first- and second-round reactions, hot-start PCR was performed with
Ampliwax PCR Gems (Perkin-Elmer Corp.) for 35 cycles of 94, 54, and 72°C for
30 s each. The first- and second-round reaction mixtures contained 3 mM MgCl2,
200 �M (each) dNTP, 1.25� Gene Amp 10� PCR buffer II (Perkin-Elmer
Corp.), 2.5 U of Ampli Taq DNA polymerase (Perkin-Elmer Corp.), and 0.5 �M
(each) first-round primer or second-round primer. Products were visualized on a
1.2% agarose gel stained with GelStar (FMC Bioproducts, Rockland, Maine).
Amplimer specificity was confirmed by Southern blotting using the AP-labeled
internal oligoprobe described above.

RNA in situ hybridization (ISH) with tyramide signal amplification (TSA).
Plasmids containing either the FIV-C gag or env gene were obtained from J. I.
Mullins (84). The FIV-C genes were isolated via restriction enzyme digestion,
0.7% agarose gel electrophoresis, and Qiaex II gel purification (Qiagen, Inc.).
The purified, isolated gene fragments (gag, 1,353 bp; envA, 1,255 bp; envB, 776
bp) were subcloned into the pGEM-7Zf(�) vector (Promega) containing T7 and
SP6 transcription promoter sequences. Digoxigenin-labeled sense and antisense
riboprobes were transcribed using their respective promoters and either Ampli-
Scribe T7 or SP6 transcription kits (Epicentre Technologies Corp., Madison,
Wis.).

ISH was performed in a manner similar to that described by Hirsch et al. (35).
Formalin-fixed paraffin-embedded tissues were sectioned (4 to 5 �m thick) and
placed on positively charged glass slides (Fischer Scientific, Pittsburgh, Pa.).
Tissue sections were deparaffinized and rehydrated sequentially with xylene,
xylene-ethanol, 100% ethanol, 95% ethanol, and RNase-free water for 5 min
each at room temperature. The slides were then incubated with 5 mM levamisole
for 20 min, washed with SSC buffer (0.15 M NaCl, 0.015 M sodium citrate),
incubated in 0.2 N HCl for 20 min, and washed again with SSC buffer. The
sections were digested with 20 �g of proteinase K/ml in buffer containing 10 mM
Tris (pH 7.4) and 2 mM CaCl2 for 10 min at 37°C. Digestion was stopped with
0.1 M glycine in PBS. Slides were washed with PBS, and endogenous peroxidase
was blocked with 5% H2O2 in methanol for 30 min. The slides were then
incubated in 0.1 M triethanolamine–0.25% acetic anhydride solution for 10 min,
washed in 2� SSC, incubated in 0.1 M Tris (pH 7.4)–0.1 M glycine solution for
15 min, and washed in 2� SSC. Prehybridization was done at 50°C for 10 min
with hybridization solution containing 50% deionized formamide, 1� SSC, 1�
Denhardt’s solution, 5 mM NaPO4 (pH 6.8), 0.1% sodium dodecyl sulfate, 250
�g of salmon sperm DNA/ml, 5% dextran sulfate, and 250 �g of tRNA/ml.
Riboprobes were added at 1 ng/�l, and the sections were placed onto coverslips,
heated to 65°C for 5 min, chilled for 10 min on ice, and hybridized overnight at
55°C. Following hybridization, the coverslips were removed and the slides were
washed with 4� SSC–50% formamide for 1 h at 50°C and then in 2� SSC for 5
min. An RNase mixture (1 unit of RNase T1 and 20 �g of RNase A/ml for 30 min
at 37°C) was used to digest excess probe, and wash steps were repeated. Slides
were blocked for 1 h in a buffer containing 2% horse serum, 0.3% Tween 20,
0.5% blocking agent (Boehringer Mannheim), 100 mM Tris (pH 7.4), and 150
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mM NaCl. The hybridized probe was detected with a sheep anti-digoxigenin
peroxidase-conjugated antibody (Boehringer Mannheim) diluted 1:100 in block-
ing buffer for 1 h at room temperature. The sections were washed in TNT buffer
(0.1 M Tris-HCl [pH 7.5], 0.15 M NaCl, 0.05% Tween 20) three times for 5 min
each. At this point, the Renaissance TSA indirect ISH kit (NEN Life Science
Products, Boston, Mass.) was employed according to manufacturer’s directions.
Briefly, the tyramide reagent, diluted 1:50 in the diluent provided in the NEN kit,
was applied to the slides for 10 min. After three washes with TNT buffer,
streptavidin-AP, diluted 1:2,500 in the provided diluent, was applied for 30 min.
After three more washes with TNT buffer, the sections were incubated with
5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium substrate
for 2 h in the dark or with Vector red (Vector Laboratories) as described by the
manufacturer. Finally, the sections were washed in 10 mM Tris-HCl–10 mM
EDTA solution (pH 8.1), counterstained with methyl green, dehydrated in
graded ethanols, cleared in xylene, and mounted with Clear*Mount (American
Master Reagent Company Inc., Lodi, Calif.). Negative controls included tissue
sections from uninfected cats and application of sense riboprobes on tissue
sections from FIV-infected and uninfected cats.

RNA TSA-ISH combined with immunohistochemistry. The TSA-ISH portion
of this technique was performed as described above with addition of immuno-
histochemistry for cell phenotype identification. Instead of the proteinase K
permeabilization, the slides were heated for 25 min at 95°C in a citrate buffer
(Dimension Laboratories Inc., Mississauga, Ontario, Canada) and then cooled to
room temperature in the buffer for an additional 20 min. Following the posthy-
bridization washes and blocking steps, the primary antibody was applied. The
slides were incubated for 1 h at room temperature with one of the following
primary antibodies in 0.1 M Tris-HCl, pH 7.5–0.15 M NaCl: (i) a polyclonal
rabbit anti-human CD3 antibody (Dako Corp., Carpinteria, Calif.) at a 1:40
dilution to identify T cells, (ii) monoclonal mouse anti-human MAC387 antibody
(Dako Corp.) at a 1:100 dilution to identify macrophages, or (iii) mouse anti-
human p55 actin bundling protein (49, 89) (AIDS Research and Reference
Reagent Program, National Institutes of Health, Rockville, Md.) at a 1:100
dilution to identify DC. The primary phenotyping antibodies were detected with
colloidal-gold-conjugated secondary antibodies goat anti-mouse immunoglobu-
lin G (IgG)–gold (MAC387 and p55) and goat anti-rabbit IgG–gold (CD3)
(Pierce, Rockford, Ill.). After detection of the FIV probe with an anti-digoxige-
nin peroxidase-conjugated antibody and Vector red chromogen, silver enhance-
ment (Boehringer Mannheim) was performed to visualize the bound colloidal
gold antibody. Negative controls included serial sections of tissue to which either
irrelevant mouse IgG1 or rabbit IgG at a concentration matching that of the
primary antibody had been applied and which were processed in parallel with
experimental sections.

RESULTS

Comparison of assay sensitivities. Mucosal and lymphoid
tissues from cats inoculated via the oral-nasal route or vaginal
route were examined by (i) replicate nested DNA PCR, (ii)
virus isolation coculture (VI), and (iii) TSA-ISH using FIV-C-
specific gag and env riboprobes (Table 1). Overall, the corre-
lation between VI and PCR was 90%, with the sensitivity of
PCR slightly greater than that of VI. In 4 of 39 instances, VI
was negative while DNA PCR was positive, although, in 2 of

the 4 instances, only one of three replicate PCRs yielded pos-
itive results, suggesting very low proviral load. The overall
correlation of PCR and TSA-ISH was 68%. Unexpectedly,
TSA-ISH was more sensitive than nested DNA PCR. In 97%
of the noncorrelating samples (148 of 153), TSA-ISH revealed
FIV� cells when nested DNA PCR was negative. While the
discordance could be due to the detection of input virion RNA,
we considered it unlikely that the sensitivity of TSA-ISH would
permit detection of non-transcriptionally active nonmulticopy
viral RNA. The cell equivalents examined by TSA-ISH (104 to
105 cells per slide) and nested DNA PCR (1 �g of DNA or 1.5
� 105 cells per reaction) were approximately congruent. Each
sample was examined at minimum in duplicate by both assays.

Oral-nasal transmission. (i) Exposure to cell-free virus. (a)
TSA-ISH. FIV-C RNA was detected in the tonsil and oral
mucosa as early as day 1 p.i. and in regional draining LN
(retropharyngeal, gastric, mesenteric, or tracheobronchial) by
days 2 to 3 p.i. (Table 2). However, in two animals (Llk3 and
3798) viral RNA was detected in other lymphoid issues (thy-
mus and popliteal LN) within 3 days p.i., indicating that sys-
temic viral dissemination had already occurred. Overall, FIV
RNA was most frequently detected in tonsil mucosa (13 of 18
animals examined between days 1 and 10 p.i.). The next most
frequent sites were retropharyngeal LN, gastric LN, and mu-
cosal tissues of the upper gastrointestinal tract (12 of 18 ani-
mals each) (Table 2). At all time points but one, TSA-ISH
either correlated with or exceeded nested PCR (or VI) in
identifying rare virus-bearing cells (Table 2).

FIV-bearing cells were solitary cells with either stellate/den-
dritic or small round morphology within the epithelial and
subepithelial mucosae (Fig. 1A). In the tonsil, FIV-positive
cells were usually individual and in the interfollicular regions
and on occasion were subjacent to the crypt lymphoepithelium
(Fig. 1B). In the upper gastrointestinal tract isolated FIV
RNA-bearing cells were detected within the intestinal epithe-
lium (Fig. 1C), lamina propria, and/or submucosa. In LN, sin-
gle FIV RNA� cells or clusters of two to five FIV RNA� cells
were within follicle germinal centers and less commonly in
interfollicular areas (Fig. 1D). In more than one-half of the
instances in which the contralateral LN also was available for
examination (e.g., mandibular and pharyngeal LN), the paired
node was negative for FIV RNA� cells, emphasizing the sparse
distribution of infected cells in the first week postexposure.

(b) DNA PCR. In 14 animals assayed between days 1 and
7 p.i., FIV-C DNA was first detected by PCR in either blood (n
� 4), retropharyngeal LN (n � 3), bone marrow (n � 2), or
tonsil, spleen, tracheobronchial LN, mesenteric LN, or oral
mucosa (n � 1 each) of individual animals (Table 2). Despite
multiple solution phase DNA PCR assays on multiple regional
and systemic lymphoid tissues, FIV was detectable only spo-
radically before day 8 p.i. In 9 of 275 tissue samples, FIV DNA
was detected only in one of multiple PCRs, connoting a very
low proviral level.

(ii) Exposure to cell-associated virus. (a) TSA-ISH. FIV-C
RNA-bearing cells were detected by 3 days p.i. in the oral
mucosa; retropharyngeal, popliteal, submandibular, and mes-
enteric LN; upper gastrointestinal tract; trachea; spleen; bone
marrow; PBMC; and thymus; this suggests early systemic viral
dissemination. Overall, viral RNA was most frequently de-
tected in the small intestine and retropharyngeal LN (seven of

TABLE 1. Comparison of virus detection assay sensitivities

Assay results No. of observations/total Correlation (%)

VI� PCR� 9/39 35/39 (90)
VI� PCR� 26/39

VI� PCR� 0/39 4/39 (10)
VI� PCR� 4/39

ISH� PCR� 81/482 329/482 (68)
ISH� PCR� 248/482

ISH� PCR� 148/482 153/482 (32)
ISH� PCR� 5/482
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eight animals examined between days 3 and 9 p.i.). The oral
mucosa and PBMC contained the next-highest number of
RNA-bearing cells (six of eight animals). For all assays except
two, TSA-ISH either correlated with or exceeded nested DNA
PCR in identifying rare virus-bearing cells. In 37 cases, TSA-
ISH was positive when PCR was negative (Table 3).

As with cell-free infection, FIV-C mRNA� cells were local-
ized to follicles and less often interfollicular areas adjacent to
the subcapsular sinus in the retropharyngeal LN. In the tonsils
virus-positive cells were in follicles and beneath the crypt lym-
phoepithelium (Fig. 1B). Thus the localization of early FIV-
infected cells in cell-free viral inocula did not differ from that
in cell-associated viral inocula (data not shown).

(b) DNA PCR. FIV-C DNA was detected sporadically in
the duodenum, trachea, tracheobronchial LN, spleen, or
bone marrow in four of six cats examined between days 3
and 7 p.i. (Table 3). By day 9, viral DNA was detected in
local and/or regional lymphoid tissues and PBMC in each of
two cats examined. In 6 of 12 PCR� tissue samples, FIV
DNA was detected once (Table 3) in three or more replicate
PCRs, indicating DNA levels at the margin of assay sensi-
tivity.

(iii) Tissue tropism after oral-nasal infection. In 88% of
animals (n � 23), virus-infected cells were detected in mucosal
tissues and lymphoid tissues concurrently (Tables 2 and 3).
Only in an animal sacrificed at 1 day p.i. (3797; Table 2) were
virus-infected cells limited to the oral mucosa and tonsil. In all
but two animals (Llk1 and Llk2; Table 2), when virus was
detectable in at least one lymphoid tissue, virus-infected cells
also were detected in mucosal tissues. FIV-positive cells were
most frequently identified in the upper gastrointestinal tract
mucosa (62%) or oral mucosa, retropharyngeal LN, or, sur-
prisingly, PBMC (each 50% of animals) (Fig. 2A and Table 4).
Between 4 and 6 days p.i., the mesenteric LN was the most
common FIV-positive tissue (100% of animals) (Table 4), fol-
lowed by retropharyngeal and submandibular LN. By 7 to 10
days, in addition to being present in lymphoid tissues, FIV-
infected cells were present in PBMC in all animals and in the
lungs of 90% of animals (Table 4). Thus rapid dissemination of
virus and virus-infected cells from mucosal entry sites to re-
gional and then systemic lymphoid tissues occurred after oral-
nasal FIV exposure.

Vaginal transmission. (i) TSA-ISH. FIV RNA was detected
in cells of either large (dendritic/cell-like) or small round (lym-

TABLE 2. Earliest detection by DNA PCR and TSA-ISH after oral-nasal exposure of cats to cell-free FIV-Ca

a �Ctrl, negative control; GI, gastrointestinal tract; nd, PCR not done; �, PCR positive; �, PCR negative; (�), PCR� only once; dark shading, ISH�; light shading,
ISH�; no shading, ISH not done; E, esophagus; D, duodenum; J, jejunum; T, trachea.
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FIG. 1. RNA ISH utilizing either Vector red or BCIP-nitroblue tetrazolium chromogen and methyl green counterstain. (A) FIV� cell (arrow)
in the oral epithelium (oe) of cat 3797 1 day p.i. Magnification, �400. (B) FIV� cell (arrow) in the tonsillar parenchyma adjacent to the crypt
epithelium (ce) of cat 3791 2 days p.i. Magnification, �100. (C) FIV� cell (arrow) in the intestinal epithelium (ie) of a villus (v) from the jejunum
of cat 3791 2 days p.i. Magnification, �400. lp, lamina propria. (D) Numerous FIV� cells (arrows) in the germinal center (gc) of a follicle (f) from
the retropharyngeal LN from cat 3795 10 days p.i. Magnification, 100. (E) FIV� cell (arrow) with DC morphology in the vaginal submucosa (sm)
of cat 3598 2 days p.i. Magnification, �400. vm, vaginal mucosa. (F) Several FIV� cells (arrows) in the parafollicular region of the medial iliac LN
from cat 3853 4 days p.i. Magnification, �200.
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phocyte-like) morphology in the vaginal mucosa as early as 1
and 2 days p.i. (Fig. 1E) and in the medial iliac LN as early as
days 3 and 4 (Fig. 1F). However, virus-bearing cells commonly
were not identified in vaginal tissue from the same animals
with positive draining LN, connoting the relative rarity of virus-
positive cells in the mucosa. In addition, viral dissemination to
systemic sites (spleen, PBMC) occurred early (days 2 to 3). As
in animals with oral-nasal infection, in 27 instances TSA-ISH
proved more sensitive in revealing rare virus-positive cells.
FIV� cells were most often in the subepithelial region (Fig.
1E) and less commonly in either intraepithelial or mucosa-
associated lymphoid tissue. In LN, virus-bearing cells were in
follicles and/or adjacent to the subcapsular sinus (Fig. 1F).

(ii) DNA PCR. FIV DNA was first detected in vaginal mu-
cosa and spleen of two of four cats between days 1 and 2 p.i.
(Table 5). Viral DNA was detected in the medial iliac LN
(which drains the vaginal vault) from three of seven cats be-

tween days 4 and 8 but was not detected in vaginal tissues of
any of these animals (Table 5).

(iii) Tissue tropism after vaginal FIV infection. Between
days 1 and 3 p.i. FIV was most frequently identified (40% of
animals) in the vaginal mucosa and, surprisingly, spleen (Table
6 and Fig. 2B). Between 4 and 6 days p.i., the medial iliac LN
and PBMC were the tissues most frequently containing FIV-
infected cells (83% of animals) (Table 6). However, systemic
spread of virus infection was evident as well, e.g., the spleen
was virus positive in 50% of animals. In 54% of the animals (n
� 7) virus-infected cells were detectable only in regional LN
and not in the vagina. In five cats (38%) examined between 2
and 12 days p.i. FIV-positive cells were present in lymphoid
tissues and PBMC in addition to the vaginal mucosa (Table 5).
By 7 to 12 days p.i., PBMC and medial iliac LN infections were
observed for 100% of the animals. In only one animal (exam-
ined at day 1 p.i.) was virus detectable only in the vagina (Table
5).

Phenotype of FIV� cells. To maximize the feasibility of cola-
beling FIV target cells, only tissues with the highest frequency of
virus-positive cells, as determined by ISH-TSA results (Tables 2,
3, and 5) were selected for phenotyping (Table 7). Three cell
markers for which antibodies useful in formalin-fixed tissues were
available were used: anti-CD3, anti-p55/fascin, and anti-MAC387,
which label T cells, DC, and macrophages, respectively. FIV�

p55� DC were found in the subepithelial vaginal or oral mucosa
(Fig. 3A and C) when no CD3� FIV� or MAC387� FIV� cells
could be identified. FIV� CD3� T cells were detected in the
tonsil (Fig. 3D). An FIV� MAC387� cell (macrophage) was
identified in the retropharyngeal LN of a cat 3 days p.i. (Fig. 3E).
FIV� CD3

� T cells were detected in the PBMC of one cat (at 10
days p.i.) (Fig. 3F). There were also FIV� cells, usually of small
round cell morphology, that were not labeled with any of the
phenotype markers examined. Thus, FIV� cells had phenotype
markers consistent with a DC, T-cell, and, in one instance, mac-
rophage lineage.

TABLE 3. Earliest detection by DNA PCR and TSA-ISH after oral-nasal exposure of cats to PBMC from an FIV-C-infected donor cata

a �Ctrl, positive control; GI, gastrointestinal tract; �, PCR positive; �, PCR negative; (�), PCR� only once; dark shading, ISH�; light shading, ISH�; D, duodenum;
J, jejunum; T, trachea.

TABLE 4. Frequency of FIV� tissues 1 to 10 days after oral-nasal
exposure of cats to virus

Tissue
Frequency of FIV� tissues (%a) at days:

1–3 4–6 7–10

Oral mucosa 4/8 (50) 5/8 (62) 7/10 (70)
Tonsil 3/8 (37) 4/8 (50) 8/10 (80)
Retropharyngeal LN 4/8 (50) 6/8 (75) 9/10 (90)
Submandibular LN 2/8 (25) 6/8 (75) 5/10 (50)
Gastric LN 2/8 (25) 5/8 (62) 7/10 (70)
Mesenteric LN 3/8 (37) 8/8 (100) 5/10 (50)
Upper gastrointestinal tract 5/8 (62) 7/8 (87) 7/10 (70)
Tracheobronchial LN 3/8 (37) 2/8 (25) 7/10 (70)
Lung 1/8 (12) 3/8 (37) 9/10 (90)
Spleen 1/8 (12) 3/8 (37) 5/10 (50)
Thymus 2/8 (25) 1/8 (12) 5/10 (50)
Bone marrow 2/8 (25) 1/8 (12) 4/10 (40)
Popliteal LN 1/6 (17) 1/4 (25) 4/6 (67)
PBMC 4/8 (50) 5/8 (62) 10/10 (100)

a Percentages in boldface indicate tissues most frequently FIV�.
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DISCUSSION
The early pathogenesis of mucosal FIV infection appears

consistent with what is known regarding the early aspects of
SIV and HIV infections. In 37 out of 41 (90%) cats studied,

virus-infected cells were demonstrable in the mucosa and/or
regional LN between 1 and 12 days after oral-nasal inocula-
tion. Between 1 and 3 days after oral-nasal exposure, virus-
infected cells were detectable in mucosal tissues of 39% (5 of

FIG. 2. (A) Illustration demonstrating target tissue infection frequency between 1 and 3 days after oral-nasal FIV exposure as determined by
DNA PCR and RNA ISH. FIV was most frequently identified in tissues of the upper gastrointestinal tract (GI) (62% of the animals). The next
most frequently observed FIV-infected tissues were oral mucosa (OM), retropharyngeal LN (RLN), and PBMC (50% of the animals). (B) Illus-
tration demonstrating target tissue infection frequency between 1 and 3 days after vaginal FIV exposure as determined by DNA PCR and RNA
ISH. FIV was most frequently identified in tissues of the vaginal mucosa (VM) and spleen (S) (40% of the animals). The next most frequently
observed FIV-infected tissues were medial iliac LN (ILN), sacral LN (SLN), and PBMC (20% of the animals). Arrows (both panels), flow of
lymphatic drainage from the mucosal tissues to regional lymphoid tissues to lymphatic trunks and/or ducts, which ultimately empty into the venous
circulation (PBMC). BM, bone marrow; CmLN, cranial mediastinal LN; JT, jugular trunk; LT, lumbar trunk; SmLN, submandibular LN; T,
thymus; TbLN, tracheobronchial LN; TD, thoracic duct.
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13) of animals and in regional (pharyngeal, gastric, mesenteric,
and tracheobronchial) LN in 62%. The FIV-infected cells were
in the oral mucosa, tonsil, and small intestine. Likewise, after
vaginal inoculation, FIV-infected cells were identified in the
epithelial and subepithelial regions of the mucosa and/or in the
mucosal lymphoid nodules by 1 to 2 days p.i. and in the re-
gional LN (medial iliac and sacral) by 3 days p.i.

The early FIV-bearing cells were either large stellate or
small round in morphology. Of the cells in which colabeling of
phenotype and virus was successful, the larger stellate cells
labeled for DC marker p55 and the smaller round cells labeled
for CD3, the T-cell receptor-associated antigen. In studies in
which HIV-infected cells were detected at the lymphoepithe-
lial interface of the tonsil and adenoids, most of the virus-

bearing cells were colabeled for viral RNA and S100, a DC
marker (29, 68). In buccal biopsy samples from HIV-infected
individuals, provirus was identified in lymphocytes, LC, and
epithelial cells (66). As early as 3 days after application of SIV
to macaque tonsillar mucosa, rare SIV-infected CD4� T cells
abutting the antigen-transporting epithelium of the tonsillar
crypts were identified (76). Thus, the detection of FIV-positive
cells beneath the tonsillar lymphoepithelium after oral expo-
sure to virus is consistent with findings in HIV and SIV infec-
tion and suggests that the tonsillar mucosa is one portal of
entry.

Several scenarios for lentivirus mucosal infection have been
postulated, i.e., mucosal membrane lesion (59), M-cell trans-
location (2), epithelial cell transcytosis (9), epithelial cell en-
docytosis (10), epithelial cell infection (1, 8, 34, 39, 41, 51), and
LC/DC infection (37; T. Lehner, L. Hussain, J. Wilson, and M.
Chapman, Letter, Nature 353:709, 1991). Studies with ma-
caques support the concept that DC are an initial cell infected
by SIV in the vaginal mucosa but have also shown that CD4�

T cells in the subepithelial tonsillar or vaginal mucosa are
infected very early postexposure (37, 44, 75, 76). Frankel et al.
(30) demonstrated CD3� T cells in contact with multinucle-
ated syncytia coexpressing S100 and p55 (DC markers) and
HIV-1 Gag at the mucosal surface of adenoids from HIV-
infected patients. FIV infection of mucosal DC has not yet
been shown, although FIV RNA and antigen have been found
in association with lymphoid follicular DC (5, 38, 80), as has
been observed in HIV-infected people (19, 28, 78). Taken

TABLE 5. Detection of FIV in tissues after vaginal exposure to different FIV inoculaa

a nd, not done; �, PCR positive; �, PCR negative; (�), PCR� only once; dark shading, ISH�; light shading, ISH�;
no shading, ISH not done.

TABLE 6. Frequency of FIV� tissues 1 to 12 days after vaginal
exposure of cats to virus

Tissue
Frequency of FIV� tissues (%a) at days:

1–3 4–6 7–12

Vaginal mucosa 2/5 (40) 1/6 (17) 3/4 (75)
Medial iliac LN 1/5 (20) 5/6 (83) 4/4 (100)
Sacral LN 1/5 (20) 2/6 (33) 2/4 (50)
Mesenteric LN 0/1 (0) 2/5 (40) 1/2 (50)
Spleen 2/5 (40) 3/6 (50) 2/4 (50)
Thymus 0/5 (0) 0/6 (0) 2/4 (50)
Bone marrow 0/5 (0) 1/6 (17) 0/4 (0)
PBMC 1/5 (20) 5/6 (83) 4/4 (100)

a Percentages in boldface indicate tissues most frequently FIV�.
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together the above observations support the concept that mu-
cosal DC may vector HIV to T cells during primary infection.

Our findings after vaginal inoculation of FIV are consistent
with those of Spira et al. (75), who reported that the first
SIV-infected cells were in the vaginal mucosa and were mor-
phologically compatible with DC. Within 2 days, virus was
identified in the draining internal iliac LN, and by 5 days
systemic dissemination was detected by PBMC coculture (37,
75). The time between mucosal exposure to HIV and initial
viremia is estimated to be 4 to 11 days, an interval consistent
with experimental studies in the FIV and SIV systems (53).
Two days following oral-nasal exposure to cell-free virus, FIV-
bearing cells were detected in parafollicular zones and germi-
nal centers of draining LN. Similarly, after intrarectal SIV
inoculation, virus-infected cells were identified in the germinal
centers of the paracolic LN draining the rectum (14). Transit
time of lentiviruses or virus-infected cells from mucosa to ini-
tial sites of replication may be even more rapid. Within 24 h
following vaginal inoculation of mice with murine DC pulsed
with heat-inactivated HIV-1, virus was detected in the iliac and
sacral LN by RNA PCR (43).

By both the oral-nasal and vaginal mucosal routes, cell-free
FIV was more efficient than was cell-associated virus in estab-
lishing infection. This is consistent with the observations in the
SIV system in which neonatal and adult rhesus macaques be-
came infected after oral exposure to relatively low titers of
cell-free virus (3, 4). However, the cell-associated FIV inocu-
lum (2 � 107 total PBMC from an FIV-infected donor con-
taining 105 infectious PBMC) likely represented a lower virus
challenge than did the cell-free inoculum. In another study,
two oral inoculations of 2 � 106 and 2 � 107 in vitro infected
cells were used to achieve oral transmission of FIV (47).

After mucosal FIV exposure, we found no evidence of epi-
thelial cell infection or transcytosis, as has been described on
the basis of in vitro HIV-1 models (1, 9, 10, 21, 22, 48, 62, 77,
88). In contrast to the epithelial cell line studies and in accor-
dance with the present study, in vitro HIV infection studies
using cultures of fetal intestine have shown productive infec-

tion only in lamina propria mononuclear cells and not in epi-
thelial cells (25). Similarly, most studies of intestinal biopsy
samples from HIV-infected patients reveal HIV-infected cells
predominantly in the lamina propria and rarely in the epithe-
lial layer (13, 18, 27, 39, 40). However, we detected nonepithe-
lial FIV-bearing cells within the vaginal and oral surface epi-
thelium. In addition, in a few orally exposed cats, virus was
detected in gastric and/or mesenteric LN prior to systemic
infection, suggesting that FIV can traverse the gastric and/or
intestinal mucosa. These findings support the tenet that lenti-
viruses traverse mucosal barriers via mechanisms not depen-
dent on epithelial infection. Also, vaginal FIV transmission
occurred after exposure to either cell-free or cell-associated
inocula, which supports the plausibility of multiple pathways
for transmucosal lentivirus transit. While cell-free and cell-
associated virus may cross mucosal barriers via different path-
ways, it is clear that FIV can establish systemic infection within
days via either route.

We found sparse evidence for early macrophage infection in
mucosal FIV infection. However, several lines of circumstan-
tial evidence suggest that an important property of mucosally
transmitted virus is the ability to infect macrophages (26, 50,
67, 71, 82). HIV RNA and DNA have been demonstrated in
macrophages at the mucosal-stromal junction of the endocer-
vical transformation zone, but virus-positive macrophages were
not detected in the vagina or endometrium (54). In the first
SIV mucosal challenge experiments, infected cells in the gen-
ital tracts of chronically infected macaques were primarily
macrophages located in the submucosa of the cervix and vagina
(45, 46). Several studies, however, have failed to find evidence
for sexual transmission-mediated selection of macrophage-
tropic, non-syncytium-inducing HIV strains (24, 52, 69, 91).
Hladik et al. (36) demonstrated that mononuclear cells infil-
trating the cervicovaginal tissues are permissive for both R5-
and X4-tropic HIV-1 variants and that selection of virus vari-
ants does not occur by differential expression of HIV-1 core-
ceptors on genital mononuclear cells. Similarly, in SIV vaginal-
transmission studies, the infectivity of the virus in vivo was not
correlated with macrophage versus T-cell tropism in vitro (20,
44).

Clinical and laboratory FIV isolates appear to use X4 as a
major receptor for cell entry (the feline and human X4 mole-
cules have 94.9% amino acid homology) (64, 87). While che-
mokine receptors are expressed primarily in hematopoietic
cells, many other cell types have been shown to express one or
more chemokine receptors, including microglia (31, 73), endo-
thelial cells (33, 83), placental macrophages (23), and colonic,
rectal, cervical, and vaginal epithelia (90), making FIV entry
into these multiple cell types plausible. The work of Willett and
Hosie (86), however, indicates that a second receptor, or
equivalent obligate molecule, likely is needed to effect cell
infection by many FIV clinical isolates. In this regard, the
recent findings of de Parseval and Elder (15) suggest that the
heparan receptor and perhaps another molecule can be used
by some FIV isolates for cell entry.

In summary, we demonstrate virus-infected cells in mucosae
and regional lymph nodes within 1 to 2 days after oral or
vaginal exposure of cats to virus. These early FIV-bearing cells
were in the tonsillar, vaginal, and intestinal mucosa and were
most consistent with DC and T cells. We did not detect infec-

TABLE 7. Phenotypic identification of early mucosal
FIV� target cells

Cat Day p.i. Tissue

Presence of cells with
phenotype:

CD3�

ISH�
p55�

ISH�
MAC387�

ISH�

3797 1 Oral mucosa � � NDa

Tonsil � � �

3815 3 Tonsil � � �
Retropharyngeal LN � � �

3795 10 Oral mucosa � � ND
Tonsil � � �

3804 10 Oral mucosa � � �
PBMC � ND ND

3826 6 Vaginal mucosa � � �
Medial iliac LN � � �

a ND, not done.
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FIG. 3. Dual RNA ISH and immunohistochemistry utilizing Vector red for FIV RNA probe detection, silver-enhanced immunogold for
phenotypic identification, and methyl green counterstain. (A) p55� FIV� DC (arrows) in the vaginal submucosa (sm) of cat 3826 6 days p.i.
Magnification, �400. vm, vaginal mucosa. (B) FIV� cell (arrow) and two FIV-uninfected MAC387� macrophages (arrowheads) in the vaginal
submucosa of cat 3826 6 days p.i. Magnification, �200. (C) p55� FIV� cell (arrow) in the oral submucosa of cat 3804 10 days p.i. Magnification,
�200. oe, oral epithelium. (D) CD3� FIV� T cells (arrows) and several FIV-uninfected CD3� cells (arrowheads) in the tonsillar parenchyma of
cat 3795 10 days p.i. Magnification, �400. (E) MAC387� FIV� macrophage (arrow) in a follicle (f) adjacent to the subcapsular sinus (scs) region
of the retropharyngeal LN from cat 3815 3 days p.i. Magnification, �400. (F) CD3� FIV� T cell (arrow) and several FIV-uninfected CD3� T cells
(arrowheads) in the PBMC of cat 3804 10 days p.i. Magnification, �400.
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tion of epithelial cells. The results contribute to the foundation
for further studies of FIV mucosal cell virus receptors, trans-
epithelial passage, and the role of DC and other cells in the
transmucosal passage of this and other lentiviruses.
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