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region. Between days 3 and 7 there was a large 
increase in viral (v) RNA+ cells in the endo- 
cervical region (16) followed by an additional 
expansion in the infected population at that site 
by day 12. At this time vRNA+ cells were also 
found throughout the lymphatic tissues (LTs) 
and many other organs to which infection had 
been disseminated, with the exception of the 
central nervous system (Table 1). 

Fig. 1. SIV RNA and p27 in CD3+ and CD4+ T 
cells at the portal of entry and in T cells in LNs 
stained or not stained by antibodies t o  markers 
of cellular activation and proliferation. Cells 
with SIV RNA detectable by ISH were typed 
IHC with antibodies that stain CD3+ and CD4+ 
T cells. Arrows in panel CD3 point to  a brown- 
stained intraepithelial lymphocyte at the base 
of epithelium lining the lumen (L) of an endo- 
cervical gland and to  another lymphocyte in 
the lamina propria with overlying collections of 
black silver grains indicating vRNA. In panel 
CD4 arrows point to  CD4+ vRNA+ cells in 
lymphocytes adjacent to  the lumen of a gland. 
In panels HIA-DR and Ki67, ISH to  detect vRNA 
was combined with antibodies that stain acti- 
vated or proliferating T cells. Longer arrows 
point t o  double-positive cells that are vRNA+ 
and HIA-DR+ or Ki67+. Short arrows point to  
HLD-DR- or Ki67- vRNA+ celk. In panels Cy- 
clin D3, cdk6, and CD25, longer arrows point t o  
vRNA+ cells that are also stained by antibodies 
to  these markers of proliferation and activa- 
tion. Short arrows point to  vRNA+ cells that 
lack these markers. In panel SIVp27, the major 
GAG core protein of SIV, there are double- 
positive viral p27+ vRNA+ cells with lower 
(fewer silver grains) and higher (larger numbers 
of silver grains) levels of vRNA. 

To unequivocally identify the types of cells 
in which SN was replicating, we combined 
ISH with immunohistochemical (IHC) staining 
of M+s, DCs, and T cells (1 7, 18). Nearly all 
the vRNA+ cells 3 days after inoculation were 
intraepithelial lymphocytes or T cells in the 
lamina propria of the endocervix (Fig. 1, panel 
CD3, and Table 2) where they may have been 
exposed to virus through breaks in the single 

layer of epithelium lining the cervix. We char- 
acterized the host cell range for productive in- 
fection more extensively at days 7 and 12 
(when there were sufficient numbers of 
vRNA+ cells to accurately determine the fre- 
quency of the types of vRNA+ cells) and doc- 
umented infection in CD4+ T cells (Fig. 1, 
panel CD4) as well as M+s and DCs. However, 
close to 90% (Table 2) of the vRNA+ cells at 
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the portal of entry, LTs, and other sites to which derance of vRNAt cells in the CD4+ T cell 
infection had been disseminated were CD4+ T population might be the result of underestimat- 
cells (Table 2). Because the apparent prepon- ing vRNAt M+s or DCs with only a few 

Table 1. Tissues with viral RNAf. Cells after intravaginal inoculation of SIV. NT, not tested; -, not 
detected; +, 2 6  X vRNAf cells per square millimeter of tissue (>2 copies per cell); ++, 24.5 X 
l o - '  vRNAf cells per square millimeter of tissue; ++++, 23.5 vRNAf cells per square millimeter of 
tissue. 

Tissue Day 1 Day 3 Day 7 Day 12 

Vagina 
Cervix 
Draining LN* 
Distal LNt  
Other LTI 
Bone marrow 
Central nervous system# 

* ~ o m m o n ,  external and internal iliacs and inguinal LN. jMesenteric, lumbar, and axillary LN. $Thymus, tonsil, 
spleen, gut-associated LT in ileum. $Frontal cortex, thalamus, basal ganglia, Ill, IV ventricles. 

Table 2. Percent SIV RNAf cell types within endocervix (CVX) and axillary LNs. SIV RNAf cell types were 
determined by combined IHC-ISH assays of subjacent sections of endocervix in which vRNAf cells were 
first identified at day 3. Percentages were determined at days 7 and 12 after intravaginal inoculation of 
SIV by scoring 2 1 0 0  T cells stained by antibodies t o  CD3 and CD4+ T cells stained by antibodies t o  CD4, 
M+s stained by anti-CD68, and DCs stained by anti-S100. Because the percentages were determined 
independently in subjacent sections, the total amount of cell RNAf cells could be >loo%. At day 3 there 
were sufficient numbers of vRNAf cells t o  accurately determine only a percentage for IHC staining wi th 
anti-CD3. The criteria for scoring vRNAf cells and the limits of sensitivity are described in (16). The longer 
autoradiographic exposures did not reveal larger numbers of CD68+ or S1OOf vRNAf cells. 

Days after 
inoculation 

Tissue 

1 cvx - - - - 

3 CVX 90 NT NT NT 
7 CVX 79 86 11 7 

12 CVX 80 89 12 6 
12 LN 89 9 1 10 4 

Table 3. SIV RNA levels in HLA-DRf or HLA-DR and Ki67+ or K i 6 7  T cells. Infected cells that were 
stained or not stained immunohistochemically with antibodies t o  the indicated markers were easily 
identified visually in sections of the indicated tissues 12 days after intravaginal inoculation by overlying 
clusters of 2 1 0  silver grains over background, satisfying the probability criterion of >0.995 that the cell 
was infected. Percentages of vRNA+ cells by this criterion that were not stained by antibodies t o  the 
indicated markers were determined from 100 cells. Grain counts per cell were determined for 100 stained 
or unstained cells. 

Percent vRNAf T cells lntracellular vRNA levels (grain counts per cell) 
Tissue 

HLA-DR- K167- HLA-DR+ HLA-DR- Ki67+ Ki67- 

CVX 67 87 330 i 210 85 i 61 436 i 262 98 i 68 
LN 62 83 376 2 254 55 2 34 394 2 258 57 ? 43 

Table 4. Expansion of two  infected populations of T cells after sexual mucosal transmission of SIV. Cells 
that met criteria for infection defined in Table 1 that were stained or not stained immunohistochemically 
by antibodies for the indicated markers were first detectable 3 days after intravaginal inoculation after 
extensive search of 20 sections of endocervix wi th an area of 1660 mm2. For comparison, infected cell 
counts at later times were normalized t o  this area. Semilogarithmic plots of the frequency of vRNAf cells 
that are HLA-DRf or HLA-DR- and Ki67+ or Ki67- versus days of infection are linear; thus, both 
populations are expanding exponentially. 

Endocervix LN 
Markers 

Day 3 Day 7 Day 12 Day 12 

HLA-DR + 14 165 , 1996 4,623 
- 13 729 4052 14,102 

Ki67 + 22 62 990 2,825 
- 26 743 6858 18,675 

copies of vRNA, we lengthened the autoradio- 
graphic exposure to 7 days to be able to 
detect cells with two copies of vRNA per cell. 
There was no increase in the frequency of 
vRNAt cells and thus no evidence to support 
models of transmission (8-11) in which virus 
replicates at low levels in these other cell 
types, which then transmit infection to CD4+ 
T cells. The preponderance of productive in- 
fection in CD4+ T cells shortly after intra- 
vaginal transmission and similar recent ob- 
servations for the intrarectal, oral, and intra- 
venous routes collectively point to the impor- 
tance of CD4+ T cells in the propagation of 
infection after mucosal or parenteral expo- 
sure (11, 19). 

We expected the vRNAt T cells to be 
activated and in cycle because in vitro T cell 
activation and lentiviral replication are general- 
ly thought to be inseparable (20). We set out to 
c o n f m  that virus replication in vivo is also 
confined to activated and proliferating T cells 
by combining ISH to detect SIV RNA with 
IHC staining with antibodies to markers of T 
cell activation (HLA-DR) and proliferation 
(Ki67). As expected, we detected SIV RNA in 
cells that were activated and proliferating but, 
surprisingly, found also that many SIV RNAt 
cells were HLA-DR and Ki67T. Although 
both populations of SIV RNAt HLA-DRt and 
Ki67+ and HLA-DR- and Ki67- T cells ex- 
panded exponentially at the portal of entry and 
distal sites in the LTs, the predominant expan- 
sion was in the HLA DR- and Ki67- T cell 
population (Fig. 1, panels HLA-DR and Ki67, 
and Tables 3 and 4). The major difference 
between the populations that were HLA-DR+ 
and &67+ or HLA-DR and 1 6 7  was in the 
levels of viral gene expression. The mean num- 
ber of silver grains determined by quantitative 
image analysis (QIA) (15, 21), which is propor- 
tional to the intracellular concentration of SIV 
RNA, was about four to seven times higher in 
the activated and proliferating HLA-DR+ and 
Ki67+ population (Tables 3 and 4). Despite the 
different levels of vRNA the SIV major core 
protein (Fig. 1, panel SIVp27) was detectable in 
both populations as further evidence of produc- 
tive infection, even at low levels of vRNA. 

The unexpected observation that SIV 
could replicate, albeit at low levels, in HLA- 
DR- and Ki67- T cells led us to seek evi- 
dence of a similar population in HIV-l infec- 
tion. We subsequently found and present ev- 
idence that, in HIV-1 infection from the ear- 
liest stages forward, most of the vRNAt cells 
are T cells; HIV-1 replicates in these cells 
whether or not they are demonstrably activat- 
ed and proliferating; and the infected cells 
that are not proliferating have lower levels of 
viral gene expression and are longer lived. 

We analyzed lymph node (LN) biopsies 
obtained from four individuals 2 to 15 days 
(mean 8 days) from the onset of symptoms of 
the acute retroviral syndrome, which occurs 
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Table 5. HIV-1 RNA in  HLA-DRt or  HLA-DR- and Ki67+ or  Ki67- T cells vRNAf cells in sections whose weight was calculated from the area, 
a t  early and late stages of  infection and post-HAART LNs and tonsi l  thickness, and density (76). This frequency X percent CD3+ cells gives the 
biopsies were obtained from HIV-I-infected individuals i n  the acute, early T cell frequency. Reduction after HAART was calculated from changes 
and late stages of  infection and post-HAART (22, 23, 25). W i t h  the specific f rom baseline Ki67+ or Ki67- population size in  late-stage patients 2 days 
act ivi ty and complexity of  the HIV probes for autoradiographic exposures after ini t iat ing HAART. The percentage of  CD3+ T cells that  were HLA- 
of  2 4  hours, infected cells w i t h  2 1 0  copies of  HIV-1 RNA were detected. DR' or Ki67' and grain counts in these populations were determined as 
The frequency of  T cells w i th  HIV-1 RNA was determined by counting described (16). 

Number Percent vRNA+ cells Frequency of Viral RNA levels (grain counts per cell) 
State of infection of  

vRNA+ T 
cells per 

patients CD3+ HLA-DR+ Ki67+ gram of LT HLA-DRf HLA-DR- Ki67+ Ki67- 

Acute 4 93 54 46 1.1 X l o6  654 i 498 141 2 81  752 2 544 144 2 8 4  
Early 5 85 59 43 1.9 X l o 5  6 1 0 i 4 3 6  1 4 7 i 6 9  7 2 2 i 4 8 0  1 5 2 i  75 
Late 10 88 85 76 2.9 X l o 5  NT NT 5 3 8 2 4 1 0  1 6 5 2 1 0 5  
Day 2 post-HAART 8 83 NT 36 6.8 X l o 4  NT NT 3 9 8 2  312 1 5 0 5  91 

after an average incubation period of 12 days 
(22); five LN biopsies from individuals 2 6 3  
days to 242 days postseroconversion; and 10 
tonsillar biopsies from a previously described 
cohort (23) of individuals in the late stages of 
HIV-1 infection (<200 CD4+ T cells per cubic 
millimeter of peripheral blood) (Table 5). In the 
acute and early stages of infection about 90% of 
the vRNAt cells are CD3+ T cells. This was 
also the case in the late stages of HIV-1 infec- 
tion and 2 days after HAART. In the acute and 
early stages of HIV-1 infection, like in SIV 
infection, about half the vRNAt cells were 
HLA-DR- and Ki67-, with a mean concentra- 
tion of intracellular vRNA about two to five 
times lower than the activated population (Ta- 
ble 5). By the late stages of infection >75% of 
the vRNAt cells were HLA-DRt and Ki67+. 
The high percentage of infection of activated T 
cells in the late stages is consistent with the 
increased activation state characteristic of late 
infection (24). The increase in the percentage of 
T cells scored as activated vRNAt T cells over 
the course of infection also indicates that the 
combined IHC staining technique is sufficiently 
sensitive to monitor changes in the activation 
status of infected cells. 

To assess the dynamics of infection in 
Ki67+ or K i 6 7  populations, we determined 
changes in the relative population sizes post- 
HAART. Before treatment most of the vRNAt 
cells are Ki67+ but after treatment most of the 
vRNAt T cells are K i 6 7  (Fig. 2 and Table 5) 
because of the disproportionate life spans of 

infected T cells in the two populations. Two 
days after HAART, the Ki67+ vRh!At popu- 
lation shrinks by a factor of 9, whereas there is 
only a 1.5-fold change in the K i 6 7  population. 
We had previously shown that the decay of 
vRNAt cells in tonsillar tissues in the cohort 
designated late-stage infection and day 2 post- 
HAART in Table 5 was multiphasic (23). The 
initial decline occurred in a population of cells 
with high concentrations of vRNA that produce 
the bulk of HIV-1 and turn over with a t,,, of 
about 1 day. There was a slower decline in cells 
with smaller amounts of vRNA, and this chron- 
ically infected population persisted for 6 to 30 
months after initiation of HAART (23, 25). The 
dramatic decrease in Ki67+ vRh!At T cells 
immediately after HAART is consistent with 
the conclusion that the short-lived population of 
productively infected cells is composed of in- 
fected &67+ T cells. We had found (23) that 
the longer lived population was not IHC stained 
by antibodies that identify M+s and now con- 
clude, based on the relatively stable population 
size after HAART, that this population consists 
mainly of Ki67T-infected T cells. 

To further narrow down the position in the 
cell cycle of the infected T cells in the Ki67- 
population, we used antibodies to earlier mark- 
ers of stages of the cycle (Table 6). Quiescent 
cells in Go that reenter the cell cycle resynthe- 
size D cyclins and cyclin-dependent kinases 
(cdks) in early stages of the cycle (26). We 
found in the populations of vRNAt cells that 
there were also cyclin D 3  and c d k 6  cells as 

Table 6. Early markers of  T cell activation and proliferation in SIV or HIV RNAf cells. Percentage of viral 
RNA+ cells that were not stained by the indicated antibodies was determined as described in the legend 
t o  Table 2A. NT, not tested. 

vRNA+ cells not  stained by antibodies t o  
activation and cell cycle markers (%) 

Tissues 

Cyclin D3- cdk6- PCNA- CD25- CD71- CD30- CD38- CD134- 

SIV-infected axillary 79 97 76 65 86 93 NT NT 
LN, day 12 

HIV-infected LN, 82 84  70 58 69  77 79 73 
acute stage of 
infection 

well as double-labeled vRNAt cyclin D3+ or 
cdk6+ cells (Fig. 1, panels Cyclin D3 and cdk6, 
and Table 6). Moreover, there were vRNAt 
P C N A  cells (Table 6) under conditions in 
which cells in any stage of the cycle and even 
some cells in Go that recently exited the cycle 
will be labeled (27). We also characterized the 
activation state more fully and showed that 
there were vRNAt cells that either had or 
lacked early and other activation markers such 
as CD25, CD71, CD30, CD38, and CD134 
(Table 6). Panel CD25 in Fig. 1 has examples 
of vRNAt cells that were CD25+ or CD25Y. 

By all these criteria, the infected T cells 
would be categorized as resting T cells. How- 
ever, in vivo, the infected cells must be in a 
different state than cultured T cells where, 
under most (20) conditions, resting T cells 
cannot be productively infected. One possible 
difference in vivo is that cytokines provide a 
semipermissive milieu in resting T cells for 
viral replication, just as Go cells can be trans- 
duced by HIV-1-based vectors when culti- 
vated with cytokines (28). Another possibil- 
ity is that the state of the infected T cells in 
vivo differs because survival of resting T 
cells in vivo depends on contact with major 

Baseline 2 Days Post HAART 

Fig. 2. Population size changes post-HAART in  
Ki67+ or  Ki67- vRNA+ cells. Data f rom Table 5 
are p lot ted a t  baseline and 2 days after initia- 
t i o n  o f  HAART. 
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histocompatibility complex molecules (29). 
This low level of stimulation does not com- 
mit the cell to full activation and progression 
through the cell cycle but alters the state of 
the cell sufficiently to support viral replica- 
tion at low levels. This altered state in vivo 
may be one explanation of why nai've CD4+ 
T cells in a constitutive resting state are 
infectable (30). 

Infection of activated and resting uouula- 

dose) per milliliter of virus. The inoculum was instilled 
atraumatically Into the vaginal vault. Another I -ml  dose 
was similarly introduced 4 hours later. To prevent loss of 
the ~noculum, between and after inoculations the tran- 
quilized animals were propped up in their cages so that 
the inoculum would drain toward the cervix. Four ani- 
mals each 1, 3, and 7 days later, and 2 animals 12 days 
later, were euthanlzed. Tissues were collected and fixed 
in 10% neutral buffered formalin or Molecular Biology 
Fixative (Streck Laboratories, Omaha, NE). Animal main- 
tenance and procedures were in accordance with the 
guidelines of the Committee on Animals for the Harvard 
Medical School and the Cu~de for the Care and Use of 

1:60 dilution, NeoMarker, Union City, CA; CD71, CD30, 
CD38, and CD134, 1:50 dilution, PharMingen, San Diego, 
CA; Ki67 monoclonal antibody (mAb), 1:100; cyclin D3 
mAb, 1 :lo, PCNA mAb, 1 :200, Novocastra Laboratories, 
Newcastle, UK; cdk6 mAb, 1:10, Santa Cruz Biotechnol- 
ogy, Santa Cruz, CAI. As a negative control, sections were 
reacted with a comparable concentration of the same 
isotype IgGl K (MoPc-3lc; Sigma, St. Louis, MO). Sec- 
tions were washed, nonspecific reactions were blocked 
with nonfat milk in phosphate-buffered saline (PBS), and 
the sections were reacted with primary antibody and 
then peroxidase-conjugated secondary antibody. Sec- 
tions were IHC stained with H.O. and diaminobenzidine .,. . < < 

tions of C D ~ +  T cells could play critical and Laboratoy Animals (National Research Council, National according to the manufacturer's protocol (ABC Elite kit, 
Academy Press, Washington, DC, 1996). Vector 2 Labs, Burlingame, CA). After washing in PBS and different roles in infection. The ability to infect 14, vRNA was detected bv ISH with 35S-labeled RNA probes 0.1 x PBS, sections were dehydrated in a series of graded 

and replicate in resting or perhaps minimally as described (15). In brief after fixed tissues we;e em- ethanol that contained 0.3 ammonium acetate andcoat- 
activated T cells could be uarticularlv advanta- bedded in paraffin, 5-pm sections were cut, adhered to ed with nuclear track emulsion. After development, the 

geous at transmission and in the earl; stages of siliconized slides, and deparaffinized. Sections were then slides were briefly counterstained in hematoxylin. 
placed in 10 mM citric buffer (pH 6.2) and microwaved. 18. M. Brahic and A. T. Haase, Curr. Topics Micro. Immun. 

infection. At these times, local propagation of After acetvlation, sections were hybridized to SIV-spe- 143, 9 (1989). 
infection must be sustained in an environment cific RNAbrobes complementary i o  about 10% of the 19. R. S. Veazey et al., Science 280, 427 (1998); C. 

where it is less likely that the next host cell in the Sequences at the 5' end of the SIV mac251 RNA genome Stahl-Hennig et dl., Science 285, 1261 (1999). 
labeled to specific activities of about 2 X lo9 d p m l ~ g  by 20. J. A. Zack et al., Cell 61, 213 (1990); 1. A. Zack, A. M. 

chain of transmission will be an activated T cell incorporation of 35S.labeled uridine triphosphate, HIV-1 Haislip, P. Krogstad, I. S. Y. Chen, J. Virol. 66, 1717 
in the vicinitv of the vroductivelv infected cell. was detected with a collection of RNA probes comple- (1992); Y. D. Korin and J. A. Zack, 1. Virol. 72, 3161 

The low level of viral gene expression could 
also provide a mechanism common to other 
lentivirus infections (31) for cells to elude host 
defenses and in this way favor establishment of 
a persistent infection. Persistent infection in the 
early stages of infection stands as an obstacle to 
prevention of infection by a vaccine. Infection 
of an activated T cell, on the other hand, is 
important because higher levels of virus produc- 
tion disseminate infection systemically and pro- 
vide access to large numbers of target cells for 
continued replication. This creates conditions in 
LT in which activated cells are continuouslv 

mentary to about 90% of the viral  rad radio labeled to 
specific activities of about 6 X lo6 dpmlpg. As controls, 
sections were also hybridized to virus-specific sense 
probes or tissues from mock-infected animals were hy- 
bridized to virus-specific antisense RNA probes. After 
hybridization, the slides were washed in 5X standard 
saline citrate (SSC), 10 mM dithiothreitol (DTT) at 42'C, 
2X SSC, 10 mM DTT, 50% formamide at 60°C, and a 
2X RWS buffer [0.1 M tris-HC1 (pH 7.5), 0.4 M NaC1, 50 
mM EDTA] before digestion at 37°C with ribonuclease A 
(25 pglml) and T, (25 unitslml) in I X RWS. After 
washing in RWS, 2X SSC, and 0.1 X SSC, sections were 
dehydrated in graded ethanol solutions containing 0.3 M 
ammonium acetate and then dried and coated with 
Kodak NTB-2 emulsion exposed at 4"C, developed, and 
stained. 

15. A. T. Haase et al., Science 274, 985 (1996). 

(1998); C-S Chou, 0 .  Ramilo, E. S. ~ i te t ta ,  Proc. Natl. 
Acad. Sci. USA 1361 (1997); S. Tang, B. Patterson, J. A. 
Levy, J. Virol. 69, 5659 (1995); C. A. Spina, J. C. Cuatelli, 
D. D. Richman, J. Virol. 69, 2977 (1995); M. I. Burkinsky, 
T. L. Stanwick, M. P. Dempsey, M. Stevenson, Science 
254, 423 (1991). 

21. As described in (15), infected cells were identified in 
the sections and the silver grain count was deter- 
mined by QIA of autoradiographs illuminated by 
epipolarized light. Video images were captured with a 
low-light cooled charge-coupled device camera 
(Optronics TEC-470) and image IIMetaMorph ver- 
sion 2 software (Universal Imaging, Westchester, PA). 
Silver grains were distinguished from background and 
measured with the "threshold" and "measure object" 
tool of the MetaMorph software. The frequency of 
cells with vRNA in a defined area (in square millime- 

generated to maintain the high levels of replica- 16. SIV RNA' cells were detected by ISH with %-labeled ters) was determined with the cacbration tool. 
SIV-specific antisense RNA probe after autoradiographic 22. T. W. Schacker et al., Ann. Int. Med. 28, 613 (1998). 

tion, sustain infection, and increase the chances exposures of 16.5 hours or 7 days. Nonspecific back- 23. W. Cavert et al., Science 276, 960 (1997). 
of transmitting infection to another individual. ground was determined in two ways with equivalent 24. 1. M. Orendi et al., 1. Infect. Dis. 178, 1279 (1998). 

~h~ high levels of virus production and storage results. Silver grains were counted over 100 cells in tissue 25. J. K. Wong et al., Proc. Natl. Acad. Sci. U.S.A. 94, 
sections from mock-inoculated uninfected monkeys af- 12574 (1997). in LT Or cornpro- ter hybridization to the SIV antisense probe or over cells 26. C. J. Sherr, Cell 79, 551 (1994). 

mise control of infection by the immune system. from the tissues of infected monkeys after hybridization 27. R. Bravo and H. Macdonald-Brav, 1. Cell Biol. 105, 1549 

HAART can disrupt this vicious cycle, with to sense SIV-specific probe. In both cases the average (1987). PCNA is undetectable in quiescent cells in non- 

documented benefits to the immune system background was 2.7 grains per cell for the 16.5-hour proliferating tissues but is detectable in cultured cells 
ex~osure. The Poisson probabilitv that x number of fixed with aldehvdes for 24 to 48 hours after the cells 

(32), but leaves long-lived populations of latent- ereins differs from a backhround aieraee of m is P = fmx have been erowfh arrested bv serum starvation. 
ly (33) and chronically infected cells (23, 25) as 
obstacles to the long-term goal of eradication of 
virus and vaccine development. 
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