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A quantitative technique was developed to determine HIV-1 viral burden in two important
cellular compartments in lymphoid tissues (LT). Image analysis and in situ hybridization were
combined to show that in the presymptomatic stages of infection there is a large pool of about 108
copies per gram of LT of viral RNA in virions on the surfaces of follicular dendritic cells, and a
smaller pool of 10° to 10° (per gram) of infected cells with 20 to 200 copies of viral RNA. The
concentration of viral RNA in these cells was found to be much iess than in productively infected
cells in culture, consistent with restriction of replication of HIV-1 in vivo by immune or other
mechanisms. The agreement, however, between theoretical estimates of viralproduction in LT
and clearance of virus from plasma suggest that sufficient virus could nonetheless be generated in
LT to account for levels of virus detectecli in plasma, and that plasma assays may turn out to
accurately mirror virus production in tissues. Tracking HIV-1 infection at the cellular level in
tissue reservoirs provides opportunities to better understand the pathogenesis of infection and the

impact of treatment.
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Viral burden is a critical measure of the progress of HIV-1 infection and response (o antiviral
therapy that has been assessed largely by sampling the bloodstream, or, to a lesser extent, the
lymphoid tissues (LT) that constitute a major reservoir and site of viral replication throughout
much of the typically long course of HIV-1 infection (1-3). Because currently these assays
determine the number of copies of viral RNA in a population of RNA molecules extracted from
tissues or fluids, there is as yet little information about the magnitude of infection in cellular
compartments that likely contribute to disease pathogenesis and respond to treatment in different
ways. In LT, some viral RNA is contributed by mononuclear cells (MNCs), sach as CD4* T
lymphocytes, monocytes and macrophages, that produce virion progeny to perpetuate infection.
Another significant fraction is in virions lin immune complexes trapped by follicular dendritic
cells (FDCs) in germinal centers within LT (1, 4). Although the sequestration of virus by FDCs
may slow the spread of infection, the retention of infectious virions in immune complexes on
FDCs (5) suggests that they could also be a continuing source of infection, even after effective
antiviral therapy has largely suppressed virus production.

We developed and describe in this report an experimental approach to separately measure
and evaluate viral burden in the MNC and FDC compartments.in LT. To detect and distinguish
HI*;/-I RNA encapsidated in viral particles on the surfaces of‘ FDCs from viral RNA in
productively infected MN Cs, we used in situ hybridization (6). HIV RNA in viral particles in
immune complexes is distributed over the processes of FDCs and generates an easily recognizable
diffuse hybridization signal in germinal centers (GCs) whereas the signal for MNCs is discretely
localized to individual cells (1, 4). To quantitate viral RNA in these cellular compartments, we
used radioactively labeled RNA probes (7) to generate hybridization signals consisting of silver
grains overlying MNCs or associated with FDCs in radioautographs. We then calculated the

number of copies of viral RNA from the number of silver grains, the specific activity of the
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probes, length of radicautographic exposure, and efficiency of silver grain formation in tissue
sections of 0.5 grains/dpm for 3°S (8). Assuming that the antisense probes hybridize with 100%
efficiency and 1:1 stoichiometry, one copy of HIV-1 virion RNA should yield 2.4 grains for a
radioautographic exposure of 24 hr.

We validated this calculation of copy number by applying it, under conditions comparable to
those of our tissue assay, to a cell line in which the number of copies of HIV-1 RNA had been
determined previously. By combining Northern blot analysis c;f extracted RNA with
oligonucleotide probes specific for unspliced, singly spliced, and multiply spliced viral RNAs,
ACH-2 cells had been shown (9) to contain 300 to 400 copies of virion RNA.“We injected ACH-2
cells into a mouse spleen and fixed and processed paraffin-embedded tissues as described for the
tissues (6). We enumerated silver grains :)ver 100 ACH-2 cells in tissue sections of the spicen and
calculated, as described above, a mean number of 350 genome equivalents per cell, in excellent
agreement with the previously published determinations (9).

We assessed the sensitivity and specificity of the assay in this system and in LT by comparing
the signal generated by in situ hybridization with antisense and sense HIV-1 RNA probes. For the
radioautographic exposure time of one day that we used to maintain the clear discrimination
between the signal from FDCs and MN Cs, the background over MNCs and GCs with the sense
probe was negligible; and the limits of detection with the antisense probe was 20 copies of viral
RNA per cell.

To routinely enumerate silver grains in sections of LT, we combined in situ hybridization and
quantitative image analysis (10). There were so many positive GCs in LT, and so many silver
grains in each GC, that it was impractical to enumerate grains at high magnification. We therefore
obtained video images of positive GCs at relatively low magnification and deconstructed and
analyzed the image at higher magnification where the number of silver grains could be accurately

scored. The deconstruction and reconstruction of an image of a positive GC is illustrated in Fig,
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I'A, B. We were unable to reproducibly enumerate grains by analysis of bright-field images but we
could determine grain counts in video images of LT section illuminated with epipolarized light. In
this case, because nearly all of the light is reflected from the grains, the gray values of the images
of silver grains are much less than the background and can be distinguished by setting a threshold.
Only those images of silver grains with gray levels less than the threshold set for each video
image and highlighted by a red overlay in Fig. [C were measured (Fig. 1D. From an empirically
determined relationship of the standard area of a single silver grain at this mégniﬁcation we
obtained values for the total number of silver grains in the image. We periodically repeated this
procedure to confirm the relationship of standard area to the number of silvergrains. In this S—uM.
section of a positive GC, about 13,000 grains were measured, equivalent to 5,400 genome
equivalents of viral RNA and 2,700 viriclms.

HIV gene expression in CD4™ T lymphocytes, monocytes and macrophages has been
previously shown to be diStributed across a spectrum ranging from a few copies per cell,
detectable only after amplification in situ or long radioautographic exposures, to cells whose viral
RNA content can be two orders of magnitude higher (1, 11). It is the latter cells that presumably
are the primary producers of new virus; the cells that contribute to immune depletion by
elimination by host defenses or as a consequence of the cytopathic effects of viral replication; and
the cells that should decrease in frequenéy in response to antiretroviral therapies that block new
infections.

The transcriptionally most active MNCs with 20-200 genome equivalents of HIV-1 RNA are
easily and unambiguously identified in radioautographs of sections of LT after in situ
hybridization (Fig. 2A). Because only the silver grains stand out in the image of the section
iluminated with epipolarized tight alone (Fig. 2B), setting the threshold to discriminate the grains
from background (Fig. 2C) and measuring the thresholded area, as described for the GC, is

straightforward. Again, by empirically determining, in this case at 400X, the relationship between
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area of the objects above the threshold and a standard area for 4 single grain, we obtained the
number of grains per MNC. The estimates of copy number were quite reproducible, varying
<10% in ten independent measurements of individual MNCs {not shown).

To estimate total body viral burden in each cellular compartment in LT, we determined the
number of.copics of viral RNA on a per gram basis. We first measured the areas of LT in the tissue
sections. More than 90 percent of the area in the tonsillar biopsy tissue was comprised of LT (Fig.
3A) whereas in tissue sections of spleen the LT (white puip) made up only 10-20 percent of the
sample. From the measurements of area, nominal thickness (8 um), and density (about 1 gm/cm?
of LT) the data from image analysis could be expressed as copies of viral RNA per gram of LT.

We used quantitative image analysis-and in situ hybridization to assess HIV burden in
cellular compartments in LT in cross-sec;tional and longitudinal studies of nine HIV-1-infected
individuals. These individuals were largely asymptomatic and, with one exception, were receiving
antiretroviral treatment (Table 1A). We focused in seven of the nine cases on LT obtained by
biopsy of tonsillar tissue, because tonsil is an accessible source of LT that can be biopsied
frequently and repeatedly in an outpatient clinic setting (12). For comparison of tonsil with other
LT, we analyzed spieen and lymph node tissue from one individual, and spleen from another.

What is immediately striking in the calculated pool sizes summarized in Table 1A is the
predominance of the FDC component. The amount of HIV-] RNA associated with FDCs
exceeded on average by 40-fold the amount of viral RNA in the MNC population that had the
highest levels of viral RNA in vivo. Because most of the HIV-1 RNA was in the FDC
compariment, this pool should contribute most of the RNA measured after extraction from LT and
there should be reasonable agreement between the number of copies of viral RNA in the EDC
pool and the total viral RNA burden in extracted RNA. We tested this prediction by comparing the
cellular and population measurements of viral burden in two individuals from whom we obtained

simultaneous samples of right and left tonsil to control for sample variation. Within the
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approximate two- to three-fold variation between samples, there was in fact the predicted
agreement of viral RNA estimated by branched DNA assay and by in situ hybridization and
quantitative image analysis (Table |B).

In the four individuals from whom sequential tonsillar biopsies were obtained over the
course of more than a year (patients 4 to 7 in Table 1A), the concentration of HIV RNA associated
with FDCs ranged from about 107 to >108 copies per gram. Tonsillar tissue appears to be
representative of LT, as pool sizes of HIV-1 RNA were comparable in s_ingle tonsillar specimens,
lymph nodes and spleen from the same or different individuals (see patients 8 and 9 in Table 1A).
Taking the mean of about 10% copies of HIV-1 RNA per gram as representative of steady state
HIV-1 burden in the FDC pool (Table 1A), a_nd 1% as the fraction of body weight in LT (13), the
FDC-associated pool of HIV RNA woulld be about 10! copies in a 70-kg HIV-infected
individual. The relative magnitude of this reservoir can be appreciated by comparing the
concentrations of HIV-1 RNA in the FDC pool with plasma (Table 1A). The FDC pool is greater
than plasma RNA by factors of 10% to >10% and, at times when viral RNA was below the detection
level of the assay (5 X 10%), there were >10° copies of viral RNA per gram LT associated with
FDCs.

The size of the FDC-associated pool of viral RNA was not related to clinical stage, CD4
count or treatment. In the four individuals studied longitudinally, the size of the pool was
relatively stable, and infrequently exceeded 5 X 10° copies per gram. These initial findings are
consistent with a large but saturable pool of trapped HIV and with the proposed roles of the FDCs
both as a potential source of infectious virions (5), and local mechanism to éequester and slow the
systemic spread of HIV-1 (14).

The number of copies of HIV-1 RNA in approximately 1,200 MNCs in LT in the nine
individuals we studied was lower than the intracellular concentration of viral RNA in ACH-2 cells

(9} or in cuitures of phytohemagglutinin-stimulation peripheral blood MNCs (PBMC) from an
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uninfected individual. Five days after infecting the PBMC culture with HIV-1 at a multiplicity of
0.1 TCIDs per cell, we measured an average of 1,100 copies per cell, range of 150-3,800 copies
per cell (not shown) compared to 74 copies and a range of 20-286 copies per cell in vivo (Table
1A). We show in Figure 4 representative frequency distributions of viral RNA in MNCs in Vivo,
and in culture, to illustrate the low trequency of cells in vivo with >200 copies of viral RNA and
the overall reduction in viral RNA in these cells vis-a-vis ex vivo infections.

We interpret the reduced levels of viral RNA in vivo as evidence of constraints on replication
imposed by the immune system or other mechanisms. The distribution of intracellular RNA
content in vivo we assume reflects the different stages of the viral life cycle ifi individual cells in
which replication was initiated asynchronously. Cells with fewer copies of viral RNA would
represent cells in the earlier stages of thé viral life cycle and those with higher concentrations of
intracellular viral RNA would be cells at more advanced stages of viral replication. The increasing
likelihood of recognition and elimination by cytotoxic T lymphocytes of infected cells at the later
productive phase of the life cycle could account for the lower mean number of copies of viral
RNA and frequency of cells with >200 copies per cell in vivo. Alternatively, suppression of virus
gene expression by CD8* T lymphocytes and cytokines (15) or other factors could be responsible
for the restricted replication of HIV-1 in vivo,

The frequency of productively infected MNCs varied considerably between individuals, and
within individuals over time. There was again nio obvious relationship to clinical status, CD4
count, or treatment. What the turnover of this population contributes to immune depletion cannot
be derived from in. situ “snapshots” alone but we can advance some conjectures based on studies
of viral dynamics in the bloodstream (16, 17) where the turnover of productively infected cells has
been modeled by the term 87*, in which § ~ 0.5 day™! is the death rate of productively infected
cells, and T* is the number of productively infected cells (17). Using this formula, the mean daily

turnover rate for productively infected cells would be 0.5T* = 0.5X5.3X 104 per gram (Table
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IA)Yor 2 X 107 cells per day for a 70-kg individual. This calculated turnover rate is substantially
iower than the CD4" T lymphocyte turnover of > 107 cells per day estimated from dynamic studies
(16), and may indicate that the loss of CD4™ T cells is linked to iqfection but is not only the result
of elimination of productively infected cells. This conclusion, however, must be qualified as there
are likely many more infected cells with <20 genome equivalents of HIV-1 RNA (1, 11) not
measured in our assay that nonetheless might have sufficient levels of viral gene expression (o be
recognized and destroyed by immune surveillance mechanisms. Assays of greater sensitivity will
be needed to evaluate the contribution of MNCs with these lower levels of viral gene expression to
immune depletion. -

Estimates of viral production have thus far been derived from measurements of plasma HIV-
1 RNA over time (17) which suggest tha:t there is a quasi-steady state in which viral production is
balanced by viral clearance. Perelson er al. (17) model the rate of virus production by the term
NOT*, where N is the total number of virions produced by a productively infected cell during its
lifetime, and the rate at which virus is cleared is modeled by the term ¢V, where the viral clearance
rate constant ¢ = 3 day™!, and V is the viral load. The estimates of ¢ and § were derived from
examination of HIV-1 in plasma only, and are minimal estimates (17). Since most of the infected
cells producing virus are in LT, we used the data in Table 1A to examine the relationship between
viral production in tissues and clearance in more detail. The relationship of intracellular viral
RNA concentration to the number of virions produced by the cell is unknown but with the
rationale that most of viral RNA is destined to he encapsidated in virions in the late stages of
infection, we approximated N as one-half of the maximum of the number of copies of HIV RNA
per MNC (Table 1 A). With these assumptions we find that ¢V is on average equal to N8T* (Table
IA). Given the current uncertainties in estimating ¢, N and T*, the agreement is remarkable and

suggests that plasma levels of HIV may reflect LT production of virus within the limits of the

assays.
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Quantitative analysis of infection at the cellular level in tissues is a technology that affords
opportunities to better understand the pathogenesis of HIV-1 infection and a way to directly
monitor the impact of antiviral treatment in the principal tissue reservoir. We can now apply this
approach to ask whether there is a state of virologic regression with potent antiretroviral therapy
analogous to cancer chemotherapy. A successful response would be indicated by reduction in the
number of productively infected cells, and, perhaps, slower decay of viral burden in the FDC
compartment that parallels a fall in HIV RNA levels in plasma to undetectable levels. With image
analysis it will be possible to determine the kinetics and extent of clearance of HIV from these LT
reservoirs. The preliminary indications in this report that production of HIV In LT is reflected in
plasma viral burden provides a basis to be optimistic that there will be evidence of remission or
cure in LT congruent with results in the [rnost accessible compartment, the bloodstream. If this
turns out to be the case, then the blood compartment can be monitored with the confidence that it
accurately reflects the long-term effectiveness of current and emerging therapies. If not, LT viral

burden will need to be monitored in at least a subset of subjects to evaluate the benefit of

candidate retroviral therapies.
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Ashley T. Haase

TABLE 1B. Comparison of Single-Cell and Population Estimates of HIV-1 RNA

Number of copies of HIV
RNA associated with FDCs

Patient CDC CD4 count/ per gm of tonsillar tissue

no. Age class Treatment mm? blood Sample
hybf'li]dsilzt;tion bDNA assay
! 26 B3 ZDVATC 110 right tonsil 2.3 x 10® 3.9 x 108
left tonsil 4.9 x 108 5.2x 108
2 32 A2 ZDV/DLV . right tonsil 1.6 x 108 8.1x 107
375 left tonsil 9.2 x 107 8.5x 107

s

Simultaneous biopsies of right and left palatine tonsil were obtained and divided into two
weighed fragments. One portion was snap frozen, and at a later time RNA was extracted and the
number of HIV RNA equivalents determined by branched DNA (bDNA) assay (18). The other
portion was fixed, sectioned at a later time and viral RNA associated with FDCs quantitated as

described in this report.
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Figure Legends

Fig. 1. Quantitative image analysis of HIV RNA associated with FDCs in GCs. (A and B). A
video image at low magnification (160X) of the diffuse hybridization signal of FDC—associatcd‘
HIV RNA in a GC in a section of tonsil was deconstructed and analyzed at higher magnification
(600X). The area highlighted in green in A is shown in B at the higher magnification, where silver
grains could be accurately enumerated. The scored images were then reconstructed as indicated
by the areas highlighted by white lines. (C). Objects in the image above a set threshold are shown
in red. In sections illuminated with épipolarized light, these are nearly exclusively silver grains
that reflect the light. This thresholded image was then measured, as shown in,D. Colors in D
identify measured objects.

Fig. 2. Quantitative image analysis ‘of HIV RNA in MNCs with the most abundant viral
transcripts. A. A MNC with HIV RNA in a radioautograph of a section of tonsil, bright-fieid and
epipolarized illumination 400X. The specular reflectance from the silver grains overlying the
MNC with HIV RNA imparts a green-white hue to the grains in the color video image. B. Image
shown in A, epipolarized illumination. C. Image of B after threshold evaluation, as described in
Fig. 1. D. The measured area of the MNC in C.

Fig, 3. Determination of LT area by image analysis. A. The MetaMorph tracing tool was
used to trace (in red) a submucosal region of LT in a section of a tonsillar biopsy (20X). The area
in pixels was converted to mm? by applying a calibration relating to pixel area to mm? from a 20X
image of a 2 mm scale with 0.1 mm dijvisions. B, LT area in the white pulp in a section of spleen.
The more darkly stained white pulp has been segregated (colored traces) and all individual areas
added together.

Fig. 4. A comparison of intraceilular concentrations of HI'V RNA in vivo and in productively
infected cultures. The number of copies of HIV RNA was measured in MNCs in LT and MNCs

from peripheral blood monocytes (PBMC) infected with HIV-1. Shown are representative
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frequency distributions of tonsillar biopsies from four patients and the culture. Time | and time 2
refer to biopsies obtained at different times in patient 1; R and L refer to right and left tonsillar

biopsies obtained at one time from patient 4.
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