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Declining blood CD4* T-cell counts mark the progress of simian immunodeficiency virus (SIV) disease in
macaques and model the consequences of untreated human immunodeficiency virus infection in humans. How-
ever, blood lymphocytes are only a fraction of the recirculating lymphocyte pool, and their numbers are affected
by cell synthesis, cell depletion, and distribution among blood and lymphoid tissue compartments. Asymp-
tomatic, SIV-infected macaques maintained constant and nearly normal numbers of recirculating lymphocytes
despite the decline in CD4* T-cell counts. Substantial depletion was detected only when blood CD4™* T-cell
counts fell below 300/pl. In asymptomatic animals, changes in CD4" T-cell distribution were more important
than lymphocyte depletion for controlling the blood cell levels.

The hallmark of human immunodeficiency virus type 1
(HIV-1) infection in humans or simian immunodeficiency vi-
rus (SIV) infection in macaques is a progressive loss of blood
CD4" T lymphocytes that is associated with evolving immune
deficiency. The empirical value of blood CD4™ T cells as a
surrogate marker of disease progression has been established
in numerous clinical studies (5, 6, 18). Current models hold
that decreasing blood CD4" T-cell counts result from virus-
mediated cell destruction or decreased cell replenishment
rates (9, 11, 22, 38). A “tap and drain” model was proposed
to explain declining blood CD4" T-cell counts during HIV
disease progression (9, 38). In this conceptualization, blood
CD4™" T-cell counts reflect differences between the supply of
newly synthesized cells entering through the “tap” and cells
lost through the “drain.” Cell loss includes normal cell turn-
over and cell destruction by HIV or SIV infection. Loss was
hypothesized to slightly exceed the supply of new cells, and this
difference was thought to explain the slowly declining blood
CD4" T-cell counts.

Models of this type do not adequately account for the com-
plexity of lymphocyte populations or for the mechanisms con-
trolling distribution of CD4* lymphocytes among various pools
(4, 15, 25, 32). Blood lymphocyte populations are regulated
in a complex manner that includes control of cell distribu-
tion among blood and other compartments along with cell
supply and cell loss mechanisms. Extensive accounting of
cells throughout the body has demonstrated that 1 to 2% of
the total population of lymphocytes are in the blood at any
given time (35). Thoracic duct cannulation experiments in
sheep, calves, and dogs showed that about 10 times more cells
drain through the thoracic duct than are in the blood (30),
suggesting that the total recirculating population greatly ex-
ceeds the fraction present at any one time in blood. These
concepts have formed a framework for the theoretical distri-
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bution of lymphocyte populations. It is usually stated that lym-
phocytes in blood represent approximately 1 to 2% of the body’s
lymphocytes, although it is more accurate to view the total
lymphocyte population as being divided among the recirculat-
ing pool, which is estimated to be 10% of the total body lympho-
cytes, and the “tissue resident” pool, containing 90% of lympho-
cytes in organs and tissues (30, 35, 39). Recirculating lymphocytes
include cells present in blood (one-fifth of the population,
equivalent to 2% of total body lymphocytes) and cells present
transiently in lymphoid tissues, spleen, or lymph (four-fifths of
the recirculating population). The fraction of recirculating cells
present in blood is affected by the number of newly synthesized
cells entering the pool, cell turnover, and trafficking between
blood and other compartments that is regulated by cell adhe-
sion molecules and chemokine signals (3, 33, 39).

We studied whether SIV infection in the macaque can alter
lymphocyte sequestration among blood and tissue compart-
ments, thereby altering blood CD4* T-cell counts by a mech-
anism other than cell supply or cell destruction. Few methods
are available for assessing the recirculating pool of lympho-
cytes in vivo. Cannulation of the thoracic duct has been used to
study lymphocyte traffic from nodes to blood in mice and sheep
(24, 30). However, this method is unsuitable for routine studies
of humans or nonhuman primates. Another approach uses
pertussis toxin to interrupt the trafficking of recirculating lym-
phocytes and thus allow direct measurements of the size and
composition of this pool. Intravenous pertussis toxin induces a
substantial lymphocytosis in all mammals tested thus far (8, 12)
by blocking chemokine signals normally transduced through
7-transmembrane receptors and their associated heterotri-
meric G proteins (2). Pertussis toxin catalyzes ADP ribosyla-
tion on the alpha subunit of heterotrimeric G proteins from the
Gai, Gao, and Gat subclasses (7). Modified Gai proteins fail
to transduce the chemokine signal, and pertussis toxin-treated
cells do not cross the endothelial barrier (2, 3). Pertussis toxin
does not stimulate cellular proliferation in vivo, and the flux of
lymphocytes from tissues to blood through the thoracic duct
continues at the normal rate until the tissues become depleted
and the flux declines (13, 14, 23). In the mouse, 3 X 10° cells
were collected during 48 h of thoracic duct cannulation with
only small numbers of cells in lymph after this point (31). In
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mice treated with pertussis toxin, lymphocyte counts increased
from 1.5 X 107 to 1 X 108 cells/ml of blood (1). Assuming that
each 20-g mouse contains a total blood volume of 2 ml, the
recirculating lymphocyte population measured after pertussis
toxin injection was approximately 2 X 10® lymphocytes. Esti-
mates for the total recirculating lymphocyte population after
thoracic duct cannulation and by pertussis toxin studies were
very similar. Pertussis toxin injection is a useful method for
studying recirculating lymphocyte populations in vivo.

Effects of pertussis toxin on lymphocyte counts are transient
and last approximately 28 days in rhesus macaques. Peak lym-
phocytosis occurs by 5 days after pertussis toxin injection, and
organized lymphoid tissues are mostly depleted of parafollicu-
lar lymphocytes by this time (21). The kinetics of lymphocytosis
after pertussis toxin treatment were similar for SIV-infected
and uninfected animals (8, 21). Pertussis toxin treatment of
macaques provides a convenient tool for transiently accumu-
lating the recirculating lymphocyte pool in blood. Using this
approach, we can assess the possibility that the SIV disease
affects the mechanisms for controlling distribution of lympho-
cytes among tissue and blood compartments.

MATERIALS AND METHODS

Animals and virus infection. Rhesus macaques were housed at the University
of Wisconsin Regional Primate Research Center. Protocols for these macaque
studies were reviewed and approved by the University of Wisconsin Animal Care
and Use Committee. Animals were 4 to 6 years old at the time of the study. A
total of 19 animals were each infected intravenously with 20 50% tissue culture
infectious doses of SIV .. (equivalent to 1 animal infective dose) (20). After
infection, blood cell counts, flow cytometry analyses, virus titer assays, and
physical examinations (among other tests) were performed routinely. Infection
status was confirmed by at least three positive virus isolation assays, PCR assays,
plasma antigenemia tests, and correlated clinical signs, including declining blood
CD4* T-cell counts.

Pertussis toxin sources and administration. Pertussis toxin (List Biological
Laboratories Inc., Campbell, Calif., or Pasteur Mereieux Connaught, Ontario,
Canada) was administered intravenously. Pertussis toxin from List Biological
Laboratories was provided as a lyophilized protein that was resuspended in
sterile saline solution (100 pg/ml). Pertussis toxin from Pasteur Mereieux Con-
naught was in 50% glycerol-sterile saline solution and was diluted in sterile saline
solution to the working concentration (100 pg/ml). Both stocks were tested in
uninfected animals at various concentrations to determine the minimum amount
needed to induce maximal lymphocytosis; this amount was determined to be 25
ng/kg of body mass. Fifteen animals, including all uninfected animals, received
pertussis toxin from List Biological Laboratories, and 12 animals received per-
tussis toxin from Pasteur Mereieux Connaught. There were no differences in the
magnitude or duration of lymphocytosis for animals treated with either product.
Pertussis toxin was administered 4 to 6 months after SIV infection. Injection was
into the saphenous vein at the rate of 1 ml/min, and there were no signs of injury
at the site of injection.

Lymphocyte sample collection and analysis. Blood was drawn under anesthe-
sia into heparinized collection tubes. Blood draws were all performed in the
morning between 0900 and 1100 h. Complete blood cell counts (automated) were
performed at General Medical Laboratories (Madison, Wis.), a certified clinical
laboratory with experience analyzing rhesus blood samples. For flow cytometry
studies, peripheral blood mononuclear cells were purified by gradient centrifu-
gation on Ficoll-Hypaque and fixed in 1% paraformaldehyde. Inguinal lymph
node biopsies were collected under anesthesia, and single-cell suspensions were
prepared by teasing apart the lymph node tissue and purifying mononuclear cells
on Ficoll-Hypaque. Purified cells were fixed in 1% paraformaldehyde. Autopsies
were performed immediately after euthanasia by intravenous injection of 50 mg
of sodium pentobarbital/kg. Lymph nodes and spleen sections were fixed in
buffered formaldehyde and embedded in paraffin for histology or were used for
mononuclear cell preparation. CD2*, CD4", CD8", and CD20™" subsets of the
lymph node mononuclear cells were analyzed by flow cytometry with a Becton
Dickinson FACScan. Antibodies to CD2, CD4, CD8 (Antigenix-America, Frank-
lin Square, N.Y.), and CD20 (Becton Dickinson, Boston, Mass.) cell surface
markers, and the appropriate isotype controls, were conjugated to R-phycoer-
ytherin, except anti-CD2 and the control immunoglobulin G1 isotype (fluoros-
cein isothiocyanate). Analyses were performed using Cellquest (Becton Dickin-
son) software.

Statistical analysis. JMP software (SAS, Research Triangle Park, N.C.) was
used for statistical analyses. Student’s ¢ test was used where applicable. Corre-
lations and linear fit were analyzed by using the Pearson product-moment cor-
relation coefficient. Differences were considered statistically significant when P
was <0.05.
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FIG. 1. Lymphocyte counts for 25 rhesus macaques before administration of
intravenous pertussis toxin. (A) CD4* lymphocyte counts for uninfected animals
(&), SIV-infected animals with >500 CD4™ T cells/ul (@), and SIV-infected
animals with <500 CD4" T cells/ul (O). The relationships between CD8* T
lymphocytes (B) and CD20* B lymphocytes (C) versus reference (before per-
tussis toxin) CD4* lymphocyte counts were also determined (symbols as for
panel A). Correlations and linear fits were analyzed using the Pearson product-
moment correlation coefficient for CD8" T-cell and CD20" B-cell subsets in
relation to the CD4" count before pertussis toxin treatment.

RESULTS

We administered pertussis toxin to 8 uninfected and 19
SIV-infected rhesus macaques that were matched for age. To-
tal lymphocyte counts were determined by automated clinical
blood counting of heparinized blood samples. For these sam-
ples, the absolute numbers of CD4*, CD8", and CD20™" lym-
phocytes did not always equal the total lymphocyte count.
These differences were due to cells staining dimly for the CDS8
cell surface marker (presumed to be natural killer and v8 T
cells), vd T cells that are negative for subset markers, and other
undefined cells. The proportion of cells in these undesignated
categories was variable and was not consistently related to the
CD4™" cell count, response to pertussis toxin, infection status,
or stage of disease progression. Within these animal cohorts
(including all infected and uninfected macaques), there was a
positive relationship between absolute CD8* T-cell count and
absolute CD4" T-cell count (Fig. 1B). It was not possible to
discern a clear relationship between CD4* T-cell count and
the levels of CD20™ B cells in blood (Fig. 1C).

Lymphocyte counts in blood increased approximately 4.3-
fold by 5 days after pertussis toxin injection in uninfected
macaques (Table 1). The average CD4 " T-cell count in blood
for uninfected macaques increased from 1,330 cells per pl to
the peak level of 8,900 cells per wl (6.7-fold increase) after
pertussis toxin injection (Table 1). Assuming that peak lym-
phocytosis represents the majority of recirculating lympho-
cytes, a 6.7-fold increase means that 15% (15% X 6.7 = 100%)
of the recirculating CD4" T-cell pool was in the blood com-
partment under normal circumstances and the remaining 85%
was in lymphoid tissues, spleen, and lymph.
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TABLE 1. Lymphocyte levels before and after pertussis toxin treatment”

Total no. of lymphocytes

No. (%) of CD4* T cells

No. (%) of CD8* T cells No. (%) of CD20" B cells

Group (n)"
Before  After . Fold . Before After . Fold Before After . Fold Before After . Fold
increase increase increase increase
Uninfected (8) 5,025 21,624 43 1,330 (29) 8,900 (42) 6.7 1,110 (19) 4,313 (21) 39 800 (15) 2,500 (11) 3.1
SIV* >500 CD4/pl (11) 3,180 27,209 8.5 1,000 (32) 8,300 (31) 8.3 960 (29) 10,000 (36)  10.4  780(24) 5,880 (22) 7.5
SIV* <500 CD4/pl (8) 2,896 33,369 11.5 250 (10) 6,080 (27) 243 920 (31) 12,800 (42) 14 930 (37) 11,570 (36) 124

“ Lymphocyte counts were taken for blood samples before pertussis toxin treatment and at peak lymphocytosis (3 to 5 days after pertussis toxin administration).
b SIV* >500 CD4/ul, SIV-infected animals with >500 CD4" T cells/pl of blood; SIV™ <500 CD4/ul, SIV-infected animals with <500 CD4" T cells/ul of blood.
¢ Fold increase is the ratio of each value at peak lymphocytosis to the respective value before treatment.

SIV-infected macaques with high blood CD4™" T-cell counts
(greater than 500 CD4™ T cells per pl of blood) had an average
blood CD4" T-cell count of 1,000 per wl (Fig. 1A). At peak
lymphocytosis, the CD4* T-cell count increased approximately
8.3-fold (Table 1), indicating that 12% of recirculating CD4™
lymphocytes were present in blood and the remaining 88%
were present in other compartments. Although there were only
small differences between uninfected animals and those with
SIV and high CD4™" T-cell counts, the trend of our data shows
a decreasing proportion of recirculating CD4™ T cells present
in blood after infection compared to that for healthy, unin-
fected macaques.

SIV-infected macaques with low CD4" T-cell counts (less
than 500 CD4™" T cells per pl of blood) had an average count
of 250 CD4 cells per nl (Fig. 1A). Pertussis toxin raised the
blood CD4" T-cell count an average of 24.3-fold (Table 1),
showing that SIV-infected macaques with low CD4" T-cell
counts had only 4% of recirculating CD4™" T cells in blood; this
value was significantly different from the 12% figure for in-
fected animals with CD4 " T-cell counts of >500 and from the
value of 15% recirculating cells in blood for uninfected ma-
caques (P < 0.001). During the time when the number of blood
CD4" T cells declined from an average of 1,330 per ul in
uninfected animals to an average of 250 per ul in the low
CD4™" T-cell group (a 5.3-fold decrease), the total recirculating
pool of CD4* T cells declined by a factor of only 1.5-fold
(Table 1; Fig. 2A). These results show that blood CD4" T-cell
counts represented an increased proportion of cells in tissues
and a concomitantly decreased proportion of cells in the blood.

The observation of a changing CD4" T-cell distribution
prompted us to ask whether this pathologic event was spe-
cific or whether it affected all lymphocyte subsets. Recircu-
lating CD8* T- and CD20" B-cell pools increased substan-
tially as disease progressed. We compared the CD8" T-cell
and CD20" B-cell peak lymphocytosis with the CD4" T-cell
count before pertussis toxin injection. The recirculating pools
for both CD8™" T cells (Fig. 2B) and CD20" B cells (Fig. 2C)
increased as the reference CD4" T-cell count decreased. The
increased sizes of the recirculating CD8" T- and CD20" B-cell
pools without corresponding changes in the blood absolute
counts were similar to what was observed for CD4" T cells,
and we concluded that lymphocytes from all subsets were se-
questered preferentially in lymphoid tissues.

Our data on the distribution of recirculating lymphocytes
showed that analysis of distribution in blood did not provide an
accurate quantitative representation, but it may still present an
accurate qualitative view of lymphocyte subpopulations. Ac-
cordingly, we compared the proportions of lymphocyte popu-
lations before and during lymphocytosis. Percentages for each
lymphocyte subset were very similar in blood and in the total
recirculating pool (Fig. 3). Analysis of CD4" T-cell counts
before and at peak lymphocytosis (Fig. 3A) produced a Pear-
son product-moment correlation coefficient of 0.75 (P <

0.001); CD8™" T cells (Fig. 3B) had a correlation coefficient of
0.55 (P < 0.005), and CD20™ B cells (Fig. 3C) had a correla-
tion coefficient of 0.75 (P < 0.001). The percentages of CD4™*
T cells in both blood and the total recirculating pool decreased
because of increases in the proportion and number of CD8" T
and CD20" B lymphocytes. Despite changes in the quantita-
tive distribution of recirculating lymphocytes, the blood pro-
vided a reasonably accurate sample of the proportions for
three major lymphocyte subpopulations.

We decided to perform lymph node biopsies on uninfected
and SIV-infected macaques to compare tissue and blood pop-
ulations with and without pertussis toxin treatment. A major
concern in this type of study was whether individual lymph
nodes are representative of the majority of lymphoid tissues. A
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FIG. 2. Peak cell counts after intravenous pertussis toxin administration
compared to reference (before pertussis toxin) CD4™ lymphocyte counts. Sym-
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lengthy necropsy study involving 19 SIV-infected animals
showed that peripheral lymphoid tissues were altered by SIV
infection and that multiple peripheral lymph node samples
from an individual animal were mostly uniform in appearance.
The pattern of lymph node pathology among infected ma-
caques (Fig. 4) was divided into three distinct stages (types I to
III) which are comparable with the pathology seen after HIV
infection (10, 19). Type I pathology is marked by acute lymph-
adenitis with follicular hyperplasia and splenomegaly (Fig. 4B).
Type II pathology is represented by subacute lymphadenitis
and follicular involution (Fig. 4C). Type III pathology shows
severe lymphatic cell depletion associated with vascular and
histiocytic proliferation (Fig. 4D). We examined postmortem
tissues from 19 necropsies of SIV-infected animals and char-
acterized multiple tissues as type I, II, or III. Lymph nodes
from uninfected animals were morphologically normal and
contained few active germinal centers (Fig. 4A).

Four of 19 SIV infection cases fit the type I pathology.
Uniform swelling of all deep and superficial lymphoid sites,
including ileal-cecal, mesenteric, retroperitoneal, inguinal, ax-
illary, and popliteal lymph nodes, was noted along with pro-
nounced splenomegaly. These tissues were hyperplastic and
exhibited enlargement of the subcortical regions and expansion
of the germinal centers. Six cases fit the type II pathology,
with swelling of ileal, mesenteric, inguinal, and axillary lymph
nodes. Microscopic observation showed that inguinal and ax-
illary lymph node follicles were involuted and had some atro-
phy of germinal centers and initial depletion of cortical cells.
All six type II cases exhibited splenomegaly and lymphadenop-
athy. Nine cases fit the type III pathology. Lymphoid tissues
were slightly swollen and atrophic, the ileal lymph nodes and
deep nodes were larger than the inguinal and axillary sites, and
only small islands of intact lymphatic tissue remained through-
out the body. Many lymph nodes had extensive lymphocytic
depletion and stromal hyalinization (Fig. 4D). Five spleens
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were atrophic with the remaining four cases exhibiting mar-
ginal splenomegaly. Type III pathology occurred only when
blood CD4™ T-cell counts were very low, often less than 100/
pl. Importantly, lymph node pathology was manifested uni-
formly in all lymph nodes from a single animal. This study
justified the use of individual lymph node biopsies as repre-
sentative of most peripheral lymphoid tissues.

We also collected complete inguinal lymph node biopsies
from four uninfected and five SIV-infected animals for analysis
of lymphocyte subsets (Table 2). On average, inguinal lymph
nodes from SIV-infected macaques contained more than 10
times the number of lymphocytes found in lymph nodes from
uninfected animals, and the number of CD4" T cells was also
7.5 times higher in the tissues from infected animals. The
numbers of CD8" T cells and CD20" B cells were also in-
creased. The absolute numbers of lymphocytes in SIV-infected
animals were significantly larger than in uninfected animals
(Student’s ¢ test, P < 0.05). These results are consistent with
measurements of the recirculating pools based on pertussis
toxin treatment in that lymph nodes from infected animals
were sequestering large numbers of lymphocytes despite de-
creased CD4" T cells in blood.

DISCUSSION

Quantitative analysis of the recirculating lymphocyte popu-
lation was accomplished for SIV-infected and uninfected rhe-
sus macaques. Intravenous pertussis toxin provided a means of
trapping recirculating cells in blood, where they could be sam-
pled accurately and characterized by flow cytometry and other
methods. By using this approach it was possible to demonstrate
three important characteristics for the recirculating lympho-
cyte population in this animal model for AIDS. First, disease
progression during the asymptomatic period is attended by an
increasing proportion of CD4" lymphocytes residing in tissue
or lymph and a decreasing proportion of recirculating CD4 ™"
cells present in blood. Thus, the drop in blood CD4" T cells
during asymptomatic infection is due mainly to redistribution
of CD4™ T cells and not to a bulk depletion of this population.
Second, the changes in CD4" lymphocyte distribution are
similar to the changes in CD8" and CD20" lymphocyte
distributions within the recirculating pool. These findings sug-
gest that the pathologic effect of SIV infection on lymphocyte
distribution is not specific for the population of virus-suscep-
tible cells but rather is a general feature of the immune system
during infection. Third, we noted that bulk losses of recircu-
lating CD4™ lymphocytes occurred only after the blood CD4™
T-cell count dropped below 300 cells/il. These data indicate
a fundamental change in function for the reticuloendothelial
system at the late stage of disease, wherein recirculating cells
are no longer sequestered and are depleted rapidly. The initial
evidence for bulk depletion of recirculating CD4 " lymphocytes
is roughly equivalent to the stage of disease progression at
which clinical signs become evident, suggesting that loss of
reticuloendothelial system integrity, bulk depletion of CD4™*
lymphocytes, and frank disease are directly related. These find-
ings also argue strongly against models claiming that declining
blood CD4™" T-cell counts during asymptomatic infection are a
direct result of virus infection and cell destruction.

The recognized splenomegaly and lymphadenopathy that
occur during HIV or SIV infection, and studies of SI'V-infected
rhesus and HIV-infected patients showing that the loss of
CD4™" T cells in the tissue population is less rapid than cell
losses in the blood compartment, attest to altered properties of
the recirculating lymphocyte populations (27-29). Early stud-
ies found that the percentage of CD4™ T cells in SIV-infected
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FIG. 4. Microscopic anatomy of lymph node specimens from uninfected and SIV-infected macaques. Inguinal lymph node biopsy specimens were fixed in buffered
formalin before being embedded in paraffin. Sections were stained with hemotoxylin and eosin. (A) Lymph node tissue from an uninfected macaque. This small node
is morphologically normal and contains only a few active germinal centers. Magnification, X6.25. (B) Lymph node tissue from an SIV-infected macaque exhibiting
follicular hyperplasia. Numerous germinal centers are present with extensive lymphocyte proliferation. Magnification, X6.25. (C) Lymph node tissue from an
SIV-infected macque exhibiting follicular involution. Extensive lymphocyte proliferation and poor germinal center morphogy are present. Magnification, X6.25. (D)
A higher-magnification view of lymph node tissue from an SIV-infected macque exhibiting severe lymphocyte depletion. T-cell zones are severely depleted and only
remnant germinal centers are present in this end-stage specimen. Magnification, X25.

animals was similar to that in uninfected animals until the
CD4/CDS ratio dropped below 0.5. This ratio was affected by
increases in the percentages of CD69 ", interleukin 2R, and
CD45RA-dim CD8" lymphocytes (27, 28). In HIV infection,
the CD4/B cell ratio in asymptomatic patient tonsillar tissue
was similar to that in uninfected controls, but the CD4/B cell
ratio decreased markedly in symptomatic patients. Changes
in the CD4/CDS ratio occurred in asymptomatic patients due
to increases in the number of CD8% T cells, whereas the
CD4/CDS ratio in symptomatic patients was affected by losses
of CD4" T cells (29). Another example of lymphocyte com-
partmentalization was provided recently by studies of acute
SIV infection in macaques showing that the decreased percent-
age of jejunal CD4™ T cells was not reflected by substantial
changes in peripheral blood CD4" T-cell counts during acute
infection (36). Our work is different but complementary to
these studies because we assessed the recirculating pool that
specifically contributes to the blood cell counts rather than the
total tissue pool which has many cells that migrate only rarely.
We also assessed quantitative changes in CD8* T- and CD20*
B-cell populations within the recirculating pool rather than
using simple percentages and CD4/CDS ratios that can be
altered by either losses in one subset or increases in another
subset. Our work also answers questions raised about the na-
ture of the increased uptake of the DNA analog 5'-bromode-
oxyuridine (BrdU) in SIV-infected macaques compared to that

in uninfected animals (11). In that study, all major lymphocyte
populations had increased uptake of BrdU. The turnover of
BrdU was also similar in all lymphocyte subsets. These studies
asked how a virus that principally infects CD4™ T cells could
affect these other subsets with or without virus-mediated de-
struction and questioned where these populations could be
reserved during the infection process. Overall, there is substan-
tial support for a view of AIDS pathogenesis that emphasizes
lymphocyte redistribution over bulk depletion as an important
feature of asymptomatic infection.

Quantitative studies of rat and human tissue lymphocyte
populations have shown that rats (200 g) have 2.5 X 10'° total
(recirculating and tissue resident) lymphocytes per kg and hu-
mans (60 kg) have 7 X 10° total lymphocytes per kg (35).
Therefore, the total number of lymphocytes is actually in-
versely proportional to body mass. We found that at peak
lymphocytosis there are 2 X 107 lymphocytes/ul of blood in
uninfected macaques. Assuming there is 100 ml of blood per
kg, our estimates of 10% recirculating cells show that 2 X 10°
cells/100 ml is the peak of lymphocytosis. Assuming that the
entire recirculating pool is 10% of the total lymphocyte pool,
we obtain an estimate of 2 X 10'° cells/kg as the total body
lymphocyte count. This estimate fits well with earlier measure-
ments of total lymphocyte populations in rats and humans.

The recirculating and tissue resident pools are clearly dis-
tinct. CD20™" B cells are underrepresented in the recirculating
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TABLE 2. Cell counts from inguinal lymph node biopsies compared to blood and recirculating cell counts®

J. VIROL.

No. of lymphocytes/lymph

Group node or pl of blood

No. (%) of
CD4* T cells

No. (%) of
CD8* T cells

No. (%) of CD20™
B cells

SIV negative

90004
LN 2.8 X 107
Blood count 2,916
Recirculating 11,525
90116
LN 7.0 X 10°
Blood count 2,785
Recirculating 17,544
89033
LN 8.5 X 10°
Blood count 2,645
Recirculating 12,654
AS04
LN 3.0 X 107
Blood count 3,100
Avg LN 1.7 x 107
Avg blood count 2,862
Avg recirculating 13,907

SIV positive

91021
LN 1.6 X 10%
Blood count 2,508
Recirculating 17,632
93028
LN 3.2 % 108
Blood count 3,285
Recirculating 34,018
92043
LN 1.5 X 108
Blood count 7,015
Recirculating 25,680
91084
R. Ing?’ 3.0 X 108
L. Ing.” 7.2 X 107
Blood count 2,666
91023
LN 3.8 X 107
Blood count 2,854
Avg LN 1.7 x 108
Avg blood 3,666
Avg recirculating 25,687

9.5 X 10° (34)
893 (31)
5,436 (39)

2.9 X 10° (42)
1,281 (46)
8,281 (42)

3.7 X 10° (43)
1,026 (39)
6,809 (54)

1.2 X 107 (39)
1,209 (39)

6.4 X 10° (40)
1,102 (39)
6,842 (45)

2.3 X 107 (14)
290 (12)
2,380 (14)

7% 107 (22)
870 (25)
10,386 (31)

3.7 X 107 (25)
1,726 (26)
6,610 (26)

1% 10% (32)
3.0 X 107 (41)
765 (29)

1.5 % 107 (40)
742 (26)

4.8 X 107 (29)
879 (24)
6,457 (24)

32X 10°(12)
586 (20)
3,164 (27)

1.1 X 10° (17)
516 (17)
5,368 (31)

1.6 X 10° (19)
431 (16)
2,476 (20)

5.7 X 10° (19)
992 (32)

2.6 X 10° (17)
631 (21)
3,669 (26)

5.2 % 107 (33)
479 (19)
7,615 (43)

9.4 % 107 (20)
702 (21)
12,389 (36)

2.6 X 107 (17)
2130 (30)
10,490 (41)

4.7 X 107 (16)
1.3 X 107 (19)
331 (12)

8.4 X 10° (22)
743 (26)

40 X 107 (22)
877 (22)
10,165 (40)

1.2 X 107 (42)
707 (24)
1,711 (15)

2.8 X 10° (40)
151 (5)
1,056 (6)

1.3 X 10° (15)
403 (15)
1,367 (11)

7.8 X 10° (26)
682 (22)

5.4 % 10° (31)
486 (17)
1,378 (11)

6.8 X 107 (42)
531 (21)
3,395 (19)

1.1 X 10° (35)
1,193 (36)
6,521 (20)

7.5 X 107 (50)
1,087 (15)
3,793 (15)

1.3 X 10° (45)
2.6 X 107 (36)
267 (10)

1.0 % 107 (25)
571 (20)

4.8 X 107 (39)
730 (20)
4,570 (18)

“ Values in scientific notation are numbers of lymphocytes per lymph node (LN).

recirculating cells (recirculating) is provided.
b Right (R.) and left (L.) inguinal (Ing.) lymph nodes were analyzed separately.

pool (~15 to 20% in uninfected juvenile rhesus monkeys)
compared with the tissue resident pool (~35% in lymph nodes
from the same animals in our studies). These pools are also
quite different in regard to diseases such as Hodgkin’s lym-
phoma, where the spleen accumulates large numbers of lym-
phocytes but the blood cell counts are normal or only slightly
increased (37). Recirculating and resident lymphocyte popula-
tions remain distinct as a result of regulated lymphocyte traf-
ficking and sequestration. Individual properties of these pop-
ulations may be altered by disease. The potential impact on
peripheral blood cell counts of the proportional distribution of
recirculating lymphocytes among blood and other compart-
ments has not been well studied. Considering the importance
of blood cell monitoring for many clinical problems, it is valu-

AS04, 91084, and 91023 did not receive pertussis toxin, so no measurement of

able to identify conditions that alter the proportional distribu-
tion of these cell populations and to show whether these effects
are specific to individual lymphocyte subpopulations. Our data
further emphasize the problems inherent in extrapolating lym-
phocyte population dynamics from blood samples. However,
we note that the distribution of recirculating CD4™" T cells
changes gradually over the period from infection to symptom-
atic disease and that this change will have only a small impact
on calculations related to virus half-life and virus replication
rates, as these studies assume a short-term, steady-state con-
dition (9, 22).

The apparent paradox between decreasing blood cell counts
and increasing tissue pools of lymphocytes is likely to be an-
other consequence of persistent immune activation after HIV
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or SIV infection. Chronic stimulation of lymphocytes leads to
increased levels of adhesion molecules and shifts the balance
toward a greater proportion of cells being sequestered in lym-
phoid tissues (16, 17, 26, 34). Altered distribution of recircu-
lating lymphocytes is an important contributing factor in the
pathogenesis of AIDS and highlights critical cell adhesion and
chemokine signaling mechanisms (3) as novel drug targets for
therapy.
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