similar in structure, the putative input do-
mains of CKI1 and ETR1 differ, suggesting
separate functions. The simplest explanation
of the ckil phenotype is that CKI1, acting as
a cytokinin receptor, when overexpressed
confers the ability on the expressing cells to
sense low concentrations of endogenous cyto-
kinin that is normally unable to trigger growth
and shoot formation. Obviously, further work
is required to define the function of CKI1, but
it and ETR1 could represent members of a
gene family that diverged to respond to differ-
ent phytohormones.
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Quantitative Image Analysis of HIV-1 Infection
in Lymphoid Tissue

Ashley T. Haase,* Keith Henry, Mary Zupancic,
Gerald Sedgewick, Russell A. Faust, Holly Melroe,
Winston Cavert, Kristin Gebhard, Katherine Staskus,
Zhi-Qiang Zhang, Peter J. Dailey, Henry H. Balfour Jr.,
Alejo Erice, Alan S. Perelson

Tracking human immunodeficiency virus-type 1 (HIV-1) infection at the cellular level in
tissue reservoirs provides opportunities to better understand the pathogenesis of in-
fection and to rationally design and monitor therapy. A quantitative technique was
developed to determine viral burden in two important cellular compartments in lymphoid
tissues. Image analysis and in situ hybridization were combined to show that in the
presymptomatic stages of infection there is a large, relatively stable pool of virions on
the surfaces of follicular dendritic cells and a smaller pool of productively infected cells.
Despite evidence of constraints on HIV-1 replication in the infected cell population in
lymphoid tissues, estimates of the numbers of these cells and the virus they could
produce are consistent with the quantities of virus that have been detected in the
bloodstream. The cellular sources of virus production and storage in lymphoid tissues
can now be studied with this approach over the course of infection and treatment.

Viiral burden is a critical measure of the
progress of HIV-1 infection (1), but there is
as yet little information about the magnitude
of infection in cellular compartments in lym-
phoid tissue (LT) where virus is produced
and persists (2—4). A portion of the viral
load in LT is associated with mononuclear

cells (MNGs) such as CD4* T lymphocytes,
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monocytes, and macrophages in which viral
RNA is readily detected. Virus production,
and loss of CD4* T cells from the cytopathic
effects of viral replication or elimination by
immune surveillance, can be directly attrib-
uted to this population, and it is this popu-
lation that should diminish in response to
current antiretroviral treatments that block
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new infections. Another significant fraction
of viral load in LT is associated with follic-
ular dendritic cells (FDCs). These cells bind
virions on their surfaces in immune com-
plexes (5) and could slow systemic spread of
HIV through this entrapment mechanism
(6). Retention of infectivity of HIV-1 asso-
ciated with FDCs suggests (7), however, that
this compartment could be a continuing
source of infection as well. To investigate
the contributions and response of each cel-
lular compartment to pathogenesis and
treatment, we developed an approach to
quantitating viral burden in the MNC and
FDC compartments.

We used viral RNA as the measure of
viral burden and quantitated and distin-
guished viral RNA in MNCs from viral
RNA encapsidated in virions on the surfac-
es of FDCs by in situ hybridization (8). HIV
RNA in viral particles distributed over the
processes of FDCs generates a diffuse hy-
bridization signal in germinal centers
(GCs), whereas the intracellular signal for
MNC:s is discretely localized to individual
cells (I, 5). To quantitate viral RNA in
these cellular compartments, we used radio-
actively labeled RNA probes to generate
hybridization signals in autoradiographs of
silver grains overlying MNCs or associated
with FDCs. We then calculated the number
of copies of viral RNA from the number of
silver grains, the specific activity of the
probes, the length of autoradiographic ex-
posure, and the efficiency of silver grain
formation (9).

To count the silver grains overlying
MNC:s or FDCs, we used quantitative image
analysis (10). The color video image of a
field with an infected MNC is shown in Fig.
1A. The silver grains illuminated by trans-
and epipolarized light are yellow-green in
color and are scattered randomly or tightly
clustered over infected cells such as the one
indicated by the arrow. The image was sim-
plified for counting grains by illuminating
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the field with epipolarized light alone so
that the silver grains and other highly re-
flective objects stand out, as is evident in
the black-and-white video image in Fig. 1B.
The red overlay in Fig. 1C highlights the
silver grains in the field, and the white line
traces the outline of the infected cell and
the silver grains to be measured. Each silver
grain occupies a specific number of picture
elements, or pixels, and it is the area of the
grains in pixels that is measured. To convert
this area to grain counts, we previously
determined the standard area (in pixels) of
a silver grain at a particular magnification.
We found, for example, by manually count-
ing the grains over a MNC like the one
shown in Fig. 1 that at a magnification of
X400, a standard area parameter of 2.5
accurately converted areas in pixels to grain
counts. This value was subsequently used to
automatically score the number of silver
grains over cells.

We validated this approach by applying
it, under conditions comparable with those
used in tissue sections, to cells in which the
number of copies of HIV-1 full-length RNA
had been previously determined. By com-

bining Northern blot analysis of extracted
RNA with oligonucleotide probes specific
for full-length, singly spliced, and multiply
spliced viral RNAs, ACH-2 cells had been
shown (I1) to contain 300 to 400 copies of
full-length viral RNA. We injected ACH-2
cells into a mouse spleen and fixed and
processed paraffin-embedded tissues as de-
scribed (8). We counted silver grains over
100 ACH-2 cells in images of tissue sec-
tions of the spleen and also determined a
mean number of 350 copies of full-length
viral RNA per cell.

To count silver grains overlying FDCs in
GCs, we captured video images of entire
GCs at a relatively low magnification (orig-
inal magnification, X160) (Fig. 1D). To
determine the standard area conversion fac-
tor at this magnification, we accurately de-
termined the number of silver grains in
segments of the GCs, indicated in Fig. 1D
by the white lines, by manually counting
the grains at high magnification (X600).
From the number of silver grains in the
entire GC, reconstructed from individual
segments, we found that a standard area
factor of 1.2 would convert the area of

Fig. 1. Quantitative image analysis of HIV RNA in LT. (A) A MNC with HIV RNA (indicated by the arrow)
in an autoradiograph of a section of tonsil (bright-field and epipolarized illumination, original magnifica-
tion, X400). The specular reflectance from the silver grains imparts a yellow-green color to the grains. (B)
High-contrast black and white image of the same field illuminated.with epipolarized light. Only silver
grains and other highly reflective objects in the section relevant to the analysis stand out. (C) For
computer-assisted analysis, the image is digitized into 512 by 480 pixels. The area (in squared pixels)
occupied by the silver grains in the image is measured after the grains are marked with the MetaMorph
threshold tool, which overlays objects in red whose gray values are less than the threshold value set with
the tool. The tracing tool is used to delineate the region of silver grains overlying the infected cell that will
be measured (white trace). (D) Black and white video image of HIV RNA in virions associated with FDCs
in"a GC in a section of tonsil (epipolarized illumination). To include the entire GC, the image was captured
at X 160. Silver grains were counted at X600 in segments of the GC (delineated by the white lines) and
summed to accurately determine the number in the entire GC. (E) Silver grains in the GC highlighted by

a red overlay from the MetaMorph threshold tool.

SCIENCE ¢ VOL. 274 + 8 NOVEMBER 1996



REPORTS

grains highlighted by a red overlay in Fig.
1E to grain counts. After this standard area
parameter had been validated in this way in

. several GCs, we used it to score silver grains
automatically in images with a magnifica-
tion of X160 of positive GCs.

We assessed the sensitivity and specificity
of the assay by comparing the signals gener-
ated through in situ hybridization with anti-
sense and sense HIV-1 RNA probes. Because
the tissue sections are not denatured before

hybridization, viral DNA sequences are not
available for hybridization and the amount of
nonspecific hybridization can be ascertained
from the hybridization signal generated by the
sense probe. For the autoradiographic expo-
sure time of 24 hours that we used to maintain -
the clear discrimination between the signal
from FDCs and MNCs, the background over
MNCs and GCs detected with the sense
probe was negligible; the limit of detection
with the antisense probe was about 20 copies

of viral RNA per cell. The assay of viral RNA
in the FDC or MNC pool was also reproduc-
ible, varying =15% in independent measure-
ments of individual MNCs or GCs (12).

To compare cellular pools of viral RNA
in different LTs and to estimate total-body
viral burden, we estimated the weight of the
relevant LT in the tissue sections. More
than 90% of the tonsillar biopsy tissue was
composed of LT (Fig. 2A), whereas in tissue
sections of spleen the white pulp with GCs

Table 1. In situ hybridization and quantitative image analysis of HIV-1 RNA levels in LT. LTs were obtained from HIV-1-infected individuals in the Centers for
Disease Contral and Prevention (CDC) clinical stage shown and with the CD4 counts indicated. Tissues were fixed immediately to eliminate autolysis as a
variable by immérsion for 4 to 5 hours in 4% paraformaldehyde, or for at least 24 hours in Streck’s tissue fixative, followed by transfer to 70 to 80% ethanol and
paraffin embedding. In preliminary experiments, these procedures for tissue processing were determined to be optimal and comparable for detection of HIV
RNA and preservation of cellular morphology. The number of copies of HIV-1 RNA was determined by in situ hybridization and quantitative image analysis. HIV-1
RNA levels per milliliter of plasma were determined by branched DNA (bDNA) assay (22) in samples taken at the time of tonsil biopsy (patients 4 through 7 were
biopsied several times as indicated). The viral clearance rate, cV, which under quasi-steady-state conditions should equal viral production, was calculated

assuming ¢ = 3 day~

1(19) and that Vis the total viral load in extracellular fluid calculated by dividing the number of HIV RNA equivalents per milliliter of plasma

by 2 and then multiplying by the 15 X 103 ml of extracellular fluid in a 70-kg individual. The rate of virus production in LT, N8T*, was calculated assuming that
N is about equal to the maximum of the range of the number of copies. of HIV RNA per MNC divided by 2. T* was taken to be the frequency of productively
infected MNCs per gram of tissue multiplied by the assumed 700 g of LT per 70-kg individual, and 8 = 0.5 day~' (19). N, T*, and ¢ will be underestimates
because, respectively, only about 75% of a productively infected MNC will be analyzed in an 8-um section, because T* does not include infected cells with fewer
than 20 copies of viral RNA, and because of the methods used to estimate ¢ (79). 3TC, Lamivudine-Epivir; D4T, Stavudine-Zerit; DDC, Zalcitabine-HIVID; DLV,
Delavirdine; ZDV, Zidovudine-Retrovir. Dashes indicate not applicable. ’

Number of HIV. Number of copies of HIV ,  Frequency of
o oo RNA ANAGoffisse  mdsangey o Produciively
class reatment mm? of Sample equivalents/ml . copies of HIV infected cV/NBT*
blood of plasma RNA per MNG MNCs/g of
(bDNA assay) FDCs MNCs P tissue
. Patient number 1 (age 26 years)
B3 ZDV + 3TC 114 Tonsil, right 4 x10* 23x108 24 x10° 62 (20-188) 3.8 X 104 0.7
ZDV + 3TC - Tonsil, left - 49 x 108 3.9x10° 86 (30-259) 4.5 X 10* -
Patient number 2 (age 32 years)
A2 ZDV + DLV 375 Tonsil, right <5 x 10° 1.6 x 108 29X 10° 73 (26-130). 4 x 104 -
ZDV + DLV - Tonsil, left - 9.2 x 107 1.9x10° 58 (36-118) 3.3 X 104 -
Patient number 3 (age 31 years)
Al ZDV 638 Tonsil <5 x 10° 32x10% 86 x10° 62 (23-140) 1.4 x10* -
. Patient number 4 (age 45 years)
Al . None 551 Tonsil, baseline 104 1.9x 108 1.6 x10° 76 (28-214) 2 X 10% 0.3
None - Tonsil, +1 month - 1.6x 108 1.3 X 10° 79 (24-234) 1.6 X 10° -
None 763 Tonsil, +6 months <5 x 108 54 x10% 46 x10° 150 (20-287) 3 x 103 -
None - Tonsil, +12 months - 43x 108 1.4 x107 79 (21-188) 1.8 X 108 -
None 437 Tonsil, +14 months 1.4 x 104 3.4 x 108 4 x 108 94 (20-180) 4.2 X 10* 0.2
Patient number 5 (age 32 years)
A2 ZDV 294 Tonsil, baseline <5 % 10°% 10 8 x 10* 80 (20-97) 108 -
ZDV - Tonsil, +1 month 6.2 X 107 8 x 10* 80 (20-108) 10% -
ZDV + DLV 215 Tonsil, +6 months <5 X 103 6.3 x 107 7.5x10* 75 (49-91) 108 -
None 202 Tonsil, +12 months <5 X 10° 7 X107 3 x 108 58 (20-151) 5.1 x 104 -
None 197 Tonsil, +14 months <5 x 10° 5x 10" 3.4 % 108 57 (20-106) 6 x 10* -
Patient number 6 (age 32 years)
Al None 633 Tonsil, baseline 7.6 x 10* 23 x 107 3.9 x 108 38 (20-141) 10° 0.7
None - Tonsil, +1 month - 1.3 x 107 22 x10° 72 (20-177) 3 x 104 -
ZDV + DDC 389 Tonsil, +12 months <5 x 10° 58x 107 1.7 x 108 41 (20-115) 4 x 10* -
Patient number 7 (age 48 years)
Al ZDV 782 Tonsil, baseline 2.6 X 10* 42 x10% 1.8 x 108 124 (48-222) 1.5 x 104 1
ZDV - - Tonsil, +1 month - 76 x107 1.9 x107 74 (20-183) 2,6 X 10° -
ZDV 778 Tonsil, +6 months 2.9 X 10* 1.8 X 108 6 x 10° 85 (50-188) 7.1 %X 10° 2.8
ZDV 615 Tonsil, +14 months 7.6 X 10* 3.2 x 107 107 44 (20-136) 2.3 X 10° 0.3
Patient number 8 (age 37 years)
A3 DAT 140 Spleen <5 x 103 7.9x 108 1.8 x10° 58(45-77) 3.1 x 103 -
Patient number 9 (age 39 years)
A2 DDC T 245 Lymph node <5 x 108 3.8x107 1.1 x 108 63 (28-124) 1.7 X 10* -
None 106 Spleen 2 X 10° 7x107 57 x10° 63 (20-128) 9 x 104 2.2
Mean 402 1.5x 108 3.4 x10° 74 5.3 x 10% 1.0
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made up only 10 to 20% of the sample (Fig.
2B). We converted the data from image
analysis to copies of viral RNA per gram of
LT from the determined areas, nominal
thickness (8 wm), and our determination of
the density of fixed LT specimens (~1
glem?).

We used quantitative image analysis and
in situ hybridization to assess HIV burden in
cellular compartments in LT in blinded
cross-sectional and longitudinal studies of
nine HIV-1-infected individuals (Table 1).
These individuals were largely asymptomatic
and, with one exception, were receiving an-
tiretroviral treatment (Table 1). We focused
in seven of the nine cases on LT obtained by
biopsy of tonsillar tissue because tonsil is an

Fig. 2. Determination of relevant LT areas by image analysis. (A)
The MetaMorph tracing tool was used to trace (in red) a submu-
cosal region of LT in a section of a tonsillar biopsy (original
magnification, X20). The area in pixels was converted to area in
millimeters by applying a calibration relating pixel area to square
millimeters from a x20 image of a 2-mm scale with 0.1-mm
divisions. (B) An area of white pulp in a section of spleen. The
more darkly stained white pulp was identified and traced in color
with the MetaMorph autotrace tool. The individual areas were

summed to determine total area.

accessible source of LT that can be biopsied
frequently and repeatedly in an outpatient
clinic setting (13). We also analyzed spleen
and lymph node tissues from one individual,

and spleen from another.

In the presymptomatic stage of infection,
we found that the amount of HIV-1 RNA
associated with FDCs exceeded the amount of
viral RNA in the infected MNC population
by 10- to 40-fold. Because most of the HIV-1
RNA is in the FDC compartment, the num-
ber of copies of viral RNA in the FDC pool
determined by image analysis of sections and
by measuring viral RNA in tissue extracts
should be in reasonable agreement. In two
individuals from whom we obtained simulta-
neous samples of right and left tonsil, the

Table 2. Comparison of single-cell and population estimates of HIV-1 RNA. 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 bDNA assay (22). The other portion was fixed and sectioned at a later time, and viral RNA associated
with FDCs was quantitated as described in this report.

Number of copies of HIV RNA
associated with FDCs/g of

concentration of viral RNA in the samples
determined by branched DNA assay and by
image analysis agreed within the approximate
two- to threefold variation between samples
(Table 2).

The size of the FDC pool was not related
to clinical stage, CD4 count, or treatment.
The relative magnitude of the FDC pool can
be appreciated by comparisons of the con-
centration of viral RNA in LT and in blood.
The concentration of viral RNA in the FDC
pool exceeded concentrations of viral RNA
in plasma by factors of 10% to >10* and, at
times when the concentration of viral RNA
in plasma was below the detection level of
the assay (5 X 10% copies per milliliter),
there were >10° copies of viral RNA per
gram of LT in the FDC pool (Table 1).

In four individuals from whom sequential
tonsillar biopsies were obtained over the
course of more than 1 year (patients 4 to 7 in
Table 1), the concentration of HIV RNA
associated with FDCs ranged from ~107 to
>108 copies per gram and rarely exceeded
5 X 108 copies per gram. Although consider-
able variation at different times and at differ-
ent sites might have been expected, the FDC
pool was relatively stable and was comparable
in tonsil, lymph node, and spleen samples
from the same or different individuals. We
based estimates of total-body burden of ~10!
copies of HIV RNA associated with FDCs on
a 70-kg individual in which LT is 1% of the
total body weight (14) and justified the ex-
trapolation by the relative homogeneity of the
pool. Our estimates are consistent with a large
but saturable pool of virus with the potential
to perpetuate infection, but also with virus
with restricted access to the whole population
of susceptible host cells (6, 7).

There was also no relation between the
size of the MNC pool or the number of
infected cells and clinical status, CD4
count, or treatment (Table 1). The mean
(74) and maximum numbers of copies per
infected cell in LT (~=250 copies per cell)
were considerably less than in ACH-2 cells
(11) or peripheral blood mononuclear cells
(PBMC:s) infected in culture: the mean in
the PBMC culture was 1100 copies per cell
and the maximum was 3800 copies per cell
(15). The reduced amounts of viral RNA in
vivo in most MNCs and the low frequency

of cells with >250 copies of viral RNA in

CD4 Nar ti LT are consistent with the hypothesis that

CDC tonsillar tissue YP
class Treatment CothrgtI/mmS Sample infected cells are eliminated by immune
of blood In situ bDNA defenses with increasing probability at later
hybridization assay stages of the viral life cycle, where the
Patient number 1 (age 26 years) infected cells have higher concentrations of
B3 DV + 3TC 110 Right tonsil 2.3 % 10 sgx e Vil RNA, proteins, and particles. Altema-
ZDV + 3TC 110 Left tonsil 49 x 108 52x10e  tively, HIV gene expression in vivo might
Patient number 2 (age 32 years) be suppressed by cytokines or factors elab-

i’ .
A2 ZDV + DLV 375 Right tonsil 1.6 x 108 g1x1or  orated by CD8™ T cells (I6), or might be
7DV + DLV 375 Left tonsil 92 % 107 85 % 107 restricted because the amounts of host cell
' viral gene products such as Tat or Rev in
988 SCIENCE e« VOL. 274 e+ 8 NOVEMBER 1996



vivo are insufficient to support permissive
replication (17).

We derived some preliminary estimates of
the potential contribution of infected MNCs
to the loss of CD4* T lymphocytes and the
production of virus in LT by combining the in
situ “snapshots” of infection with turnover
rates determined from studies of viral dynam-
ics in the bloodstream (18, 19). The turnover
of productively infected cells has been mod-
eled by 8T*, in which § ~ 0.5 day ™! is the
death rate of productively infected cells, and
T* is the number of productively infected
cells (19). T* can be estimated from the in
situ snapshots to be about 5 X 10* cells per
gram or about 4 X 107 cells in a 70-kg indi-
vidual. This is an underestimate because there
are 5 (2) to 10 (20) times as many CD4* T
lymphocytes with fewer than the limit of 20
copies of viral RNA per cell detected in these
studies that might nevertheless be recognized
and eliminated by immune surveillance
mechanisms. Even if this were true, however,
and we ignore the inclusion of monocytes and
macrophages in the estimates of T*, 2 X 108
CD4" T lymphocytes at most would be lost

- per day in LT as a direct consequence of
infection. This is lower than CD4" T lym-
phocyte turnover calculated from dynamic
studies (18, 19) and is consistent with CD4™*
T cell depletion by mechanisms in addition to
elimination of infected cells.

We also compared estimates of viral pro-
duction inferred from measurements of plasma
HIV-1 RNA over time with estimates from
the putative site of production in LT. Perelson
et al. (19) compute the steady-state rate of
virus production from the rate of viral clear-

ance from plasma (cV in Table 1) and model -

the rate of production by N3T*, where N is
the total number of virions produced by a
productively infected cell during its lifetime.
The relation of N to the intracellular RNA
concentration is unknown, but in a typical
lentivirus life cycle, most of the viral RNA is
produced and the greatest fraction will be
destined to be encapsidated in virions late in
the cycle (21). We therefore approximated N
as one-half of the maximum of the number of
~copies of HIV' RNA per MNC (Table 1).
With these assumptions, we find that cV is on
average equal to N3T* (Table 1). Given the
current uncertainties in estimating ¢, N, and
T*, this agreement is remarkable and suggests
that when HIV is detectable in plasma, the
concentrations accurately mirror production
of virus at its site of generation in LT.
Image analysis of the presymptomatic
stage of HIV-1 infection in LT revealed a
relatively spatially homogeneous and tem-
porally stable pool of virions associated with
FDCs that exceeds the viral load in plasma
by orders of magnitude. There was no evi-
dence in this study of a response to treat-
ment with inhibitors of reverse transcrip-

tion in either the FDC pool or the pool of
productively infected cells. In future stud-
ies, it will be important to determine the
magnitude and dynamics of infection in
these cellular compartments throughout the
course of infection and during treatment
with more potent combinations of antiret-
roviral drugs. These studies should yield
additional insights into pathogenesis and
provide a rational basis for optimizing the
timing and mix of antiviral treatments that
will have the greatest effect on virus pro-
"duction and load in the principal tissue
reservoirs.
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