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Summary. To investigate the molecular mediators of poliovirus tissue tropism, 
the correlation between poliovirus replication and poliovirus receptor expres- 
sion was examined in a primary human tissue system. Earlier work [M. Freistadt, 
H. Fleit, and E. Wimmer, Virology 195:798-803 (1993)] showed that the 
cellular receptor for poliovirus is present in 87% of primary human monocytes 
and that peripheral blood mononuclear cells support poliovirus replication. In 
the current work, monocytes, obtained by adherence or by a novel negative 
selection procedure using specific monoclonal antibodies to lymphocyte surface 
antigens, supported poliovirus replication. However, total virus yield was low 
and infectious centers assays revealed that a minority (6%) of monocytes 
become productively infected. Viral yield from monocytes was lower than from 
the heterogeneous mononuclear cells; however, when uninfected lymphocytes 
were added back to infected monocytes, the higher viral yield was restored. The 
purity of the cells did not significantly affect the number of cells infected. These 
results suggest that more poliovirus is produced per cell from activated rather 
than unactivated monocytes. Furthermore, poliovirus replication in monocytes 
may reflect genuine in vivo replication and comprise a system in which to 
determine molecular mediators of poliovirus tissue tropism. 

Introduction 

Despite the control of poliovirus and poliomyelitis by vaccines, a complete 
understanding of pathogenesis during this debilitating human infection remains 
elusive. Important unsolved questions that may pertain to currently uncontrol- 
led viral infections include: the identity of the cell type supporting the first 
round of replication in a natural infection, the mechanism of poliovirus tissue 
tropism and the nature of nonneural replication sites. The impact of the 
identification, cloning and sequencing of the poliovirus receptor (PVR) in 1989 
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[18, 26, 27] in terms of answering these questions has, so far, been disappointing 
[7, 10]. 

Predse knowledge of distribution of PVR in human tissues will be required 
in order to understand the role of PVR in mediating poliomyelitis. However, due 
to the surprising complexity of the PVR gene, mRNAs and proteins produced 
[18, 26, 27], this information is currently incomplete. Published reports suggest 
that PVR expression in human tissues is either ubiquitous [9, 18, 27] or greatly 
exceeds poliovirus replication sites [36]. However, the localization of cell-bound 
PVR in human tissues has not been precisely determined. Previous studies have 
relied upon homogenization methods that do not distinguish cell type within 
tissues and probably contain heterogeneous cell types [9, 18, 27], used probes that 
do not distinguish between the isoforms of PVR [36], some of which are secreted 
[18] or utilized transgenic mice tissues, rather than human tissues [20, 36]. The 
possibility that PVR expression exceeds the tissue-specific replication of po- 
liovirus, led to the invocation of a model for another cellular factor limiting 
poliovirus replication in vivo. Identification of a variant of CD44 (AF3CD44H) 
[40] as the cognate antigen of AF3 [-41], a mAb that inhibits binding of 
poliovirus, types 1 and 2, to the cell surface, suggested that CD44 and PVR may 
be in a complex and that this complex would delineate poliovirus tissue-specific 
replication. However, preliminary studies suggest that while Av3CD44H may 
have a role in poliovirus uptake, it is likely not to be the molecular determinant of 
poliovirus tissue tropism (Freistadt and Eberle, submitted). 

The role of host factors in mediating poliovirus tissue tropism cannot be 
assessed in cultured cells because tissue-specific blocks to poliovirus replication 
are not maintained upon culturing. Most cultured primate cells support polio- 
virus replication, regardless of their tissue origin [15]. When primary primate 
cells or cells from transgenic mice expressing PVR are cultured, they are initially 
resistant to poliovirus replication, despite having virus-binding activity, but 
become susceptible within 24 h of culturing [36]. 

To address these issues, we have chosen to study poliovirus tissue tropism in 
primary human cells. PVR is expressed on the cell surface of 87% of CD14- 
positive mononuclear cells from human peripheral blood [8]. CD14 is the LPS 
receptor and, in this cell population, is a specific marker for monocytes [49]. 
The presence of PVR in human blood cells may explain the apparent ubiquity 
of PVR expression [9, 18, 27]. Earlier work demonstrated that peripheral blood 
mononuclear cells (PBMCs), a heterogeneous population consisting of lym- 
phocytes, monocytes and natural killer (NK) cells, support poliovirus replica- 
tion [8], although the specific cell type supporting poliovirus replication was 
not determined. Although PVR-positive cells have not been detected within 
primary lymphocytes in our work, it is possible that a small population of such 
cells escaped detection and contributes to poliovirus replication within PBMCs. 
Furthermore, it is theoretically possible that an alternate receptor was active for 
poliovirus replication in the earlier experiments [8]. However, D171, a block- 
ing anti-PVR antibody [30], fully inhibited poliovirus replication in PBMCs 
(Freistadt and Eberle, submitted). 
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The present study was carried out to characterize poliovirus replication in 
primary human blood cells. This system may be useful to address the unsolved 
questions regarding the molecular mediators of poliovirus tissue tropism. We 
have deliberately chosen not to use specific growth factors to maintain the 
cultures, because this may induce PVR expression [10]. The disadvantage of 
this system is that because the cells are not transformed, many monocytes do 
not survive regardless of viral infection. Nevertheless, for a number  of reasons, 
we believe this system is representative of poliovirus tissue tropism and that 
increases in viral titer represent genuine viral replication, not sloughing of 
bound virus. First, primary cells, resistant to poliovirus, require at least 24 h of 
culturing to become susceptible [36]. In contrast, poliovirus replication in 
PVR-positive, primary human blood cells occurs within 24 h of removal from 
the body, strongly suggesting that the cells were susceptible prior to the 
experimental infection. Second, if poliovirus was merely binding to PVR on 
monocytes and eluting off, it would not be detected by plaque assay because the 
specific interaction of PVR and poliovirus results in an irreversible conforma- 
tional change that inactivates poliovirus [-11, 13, 16]. Third, we have determined 
that there are significant strain-specific differences in the ability of poliovirus to 
replicate in monocytes in our system (unpubl. obs.). 

The presence of PVR in monocytes and the ability of primary human blood 
cells to support poliovirus replication suggested that poliovirus replication in 
blood cells may be important in mediating pathogenesis by poliovirus. In the 
current work, we show that monocytes support poliovirus replication and we 
characterize the replication cycle. The results suggest that interactions between 
monocytes and other blood cell types affect poliovirus replication. 

Materials and methods 

Cells, viruses, plaque assays, abbreviations used 

Type 1 (Mahoney) poliovirus, obtained from E. Wimmer, was used in the experimental 
infections presented here. Virus was purified by isopycnic centrifugation in CsC1 and the 
serotype confirmed in a neutralization assay. Virions were titered in a standard plaque 
assay on Hela R19 cells [6]. Through a cooperative agreement with The Blood Center of 
Southeast Louisiana, healthy volunteers sign a consent form for the use of their blood for 
biomedical research under an LSUMC IRB approved protocol. Blood from anonymous 
donors was screened for HIV, HBV and other infectious agents prior to its release. No 
identifiers were maintained. Abbreviations used are: PBMCs peripheral blood mononuclear 
cells, PBS phosphate-buffered saline, PVR poliovirus receptor, moi multiplicity of infection, 
FACS fluorescence activated cell sorter, PItA phytohemaglutinin, N K  natural killer ceils, 
M A L T  mucosal-associated lymphoid tissue, 7-IFN gamma interferon, mAb monoclonal 
antibody. 

Isolation of PBMCs 

Blood cells and Ficoll-Hypaque (Pharmacia) were kept at room temperature for at least 2 h. 
Blood was carefully layered over one-half volume of Ficoll-Hypaque. The material was 
centrifuged at 300 g for 30 min and allowed to stop without the brake. Mononuclear cells 
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form a ftocculent band in the upper half of the tube. The band was retrieved and the cells 
were rinsed two times in room temperature PBS to remove any residual anti-poliovirus 
antibodies form the donor. In order to obtain sufficient monocytes we found that it was 
important to: 1) have the Ficoll, PBS and cells at room temperature, 2) use a centrifuge that 
has been leveled for the Ficoll density centrifugation step. These factors appear to affect the 
formation of the Ficoll gradient. 

Poliovirus ilfection of monocytes 

107 PBMCs (or cell fractions obtained from 107 PBMCs) were resuspended in a 15ml 
sterile, plastic tube with 0.5 ml of RPMI + 0.2% fetal calf serum containing potiovirus. Moi 
of 10 was used throughout. The tube was gently rocked for 30 rain at room temperature. 
The cells were then washed 3 times in 37 °C RPMI to remove unbound virus and then 
resuspended in 5 ml of RPMI + 10% calf serum and Penicillin/Streptomycin. The cells were 
then plated in 6 cm dishes and a "Time zero" sample (0.4 ml) was taken. Subsequent samples 
were taken at approximately 24h intervals. 

Adherence fractionation 

For each sample to be infected, 107 Ficoll-purified PBMCs were plated in 5ml of 
RPMI + 10% calf serum and Penicillin/Streptomycin. The plates were incubated for 2 h at 
37 °C in a CO z incubator. Similar results were obtained if cells were incubated overnight for 
adherence. Nonadherent cells were removed and the adherent cells were rinsed three times 
with RPMI or PBS. 

Negative selection of cells using specific antibodies and paramagnetic beads 

For each sample to be infected, 107 Ficotl-purified PBMCs were suspended in biotinylated- 
specific antibody (Harlan) in RPMI + 1% calf serum and Penicillin/Streptomycin at 
106 cells/ml. Optimal concentration of antibody was determined empirically but was 
generally about 10 ~tg/106 cells. When using more than one antibody, the incubations were 
sequential, not concurrent. Cells and antibody were incubated for 20 min at 4 °C with gentle 
rocking. The cells were rinsed two times with RPMI + 1% calf serum and Penicil- 
lin/Streptomycin. The cells were then suspended in 1% streptavidin-paramagnetic beads 
(Promega) at 106 cells/ml and incubated for t0 min at 4 °C with gentle rocking. The tubes 
were then placed on a magnetic rack for 10 min. After separation, the supernatant (cells 
without beads) was carefully pipetted off and subjected to the magnetic separation again. 
This supernatant was used for infections. 

Immunofluorescence staining and flow cytometric analysis 

Washed blood cells were divided into two samples (106 cells each) and each sample was 
stained in three sequential staining and rinsing steps [8, 39]. One sampte was used for 
a negative control (using isotype matched mAbs) and the other was the experimental. The 
three steps were: (i) primary mAb e.g., D171 [30] or control, (ii) Goat anti-mouse Ig-FITC 
to both samples and (iii) PE-conjugated mAb against the second marker or a negative 
control. Staining was carried out on ice for 30 rain; antibody dilutions and rinses were 
carried out in PBS with 1 mg/ml BSA and 0.2% sodium azide (PBS/BSA/azide). After the 
third staining, the cells were rinsed in PBS/BSA/azide, fixed in 1% PBS-buffered formalin 
for 10rain at room temperature and stored at 4 °C until flow cytometric anaiysis was 
carried out. 
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Nonspecific esterase stain for monocytes 

Air-dried smears of cells were fixed for 30 seconds at 4 °C in buffered formal-acetone, rinsed 
5 times and air dried. The fixed, dried smears were incubated for 45 min at room 
temperature in filtered alpha-naphthyl butyrate/pararosanaline solution. This was made by 
diluting 2.0% alpha-naphthyl butyrate [Sigma] in ethylene glycol monoethyl ether into 
0.04% pararosanaline (from 4% pararosanaline in 20% HC1), 0.04% sodium nitrite in 
phosphate buffer, pH 6.3. After 5 rinses with deionized water, the cells were counterstained 
with methyl green for 2 rain and rinsed again. After drying, percentages of monocytes and 
lymphocytes were determined by counting multiple fields through a light microscope. In 
this assay, monocytes stain red while lymphocytes stain blue [22, 50]. 

hfectious centers assay 

In this assay [14], the uncharacterized cells (blood cells) were infected with poliovirus. After 
adsorption and rinsing, the cells (or an aliquot of the supernatant) were serially diluted onto 
a monolayer of a Hela cells. The cells were overlayed with agar (similar to a plaque assay) 
and two or three days later, plaque number was determined. Since the only source of input 
virus is from viral replication in the uncharacterized cell type, plaques will be formed only 
where the surrounding Hela cells were subsequently infected by progeny virus. (Plaques 
formation from the supernatant was also assessed and subtracted from the number 
produced from cells.) The dilutions include a concentration such that if low number of cells 
were infected, each infected monocyte sample would yield countable plaques (about 50 per 
6cm dish). A comparison of the maximum number of possible plaques (if every cell 
produced one infectious center) to actual plaques yields the percentage of cells infected. 
Controls using infected Hela cells diluted into Hela cells were carried out. 

Results 

Increases in poliovirus titer from primary human monocytes 

Earlier work  showed that  PBMCs,  a heterogeneous populat ion,  suppor t  polio- 
virus replication [-8]. To determine whether  CD14-positive, PVR-positive, 
pr imary h u m a n  blood cells suppor t  poliovirus replication, Ficoll-purified 
P B M C s  were fractionated to separate monocytes  from nonmonocy tes  and 
subsequently infected with poliovirus. Two methods  of fractionation were 
separately carried out: (a) adherence to plastic culture dishes or (b) a novel 
negative selection procedure using specific m o n o d o n a l  antibodies to lymphocyte 
surface antigens and secondary antibodies conjugated to paramagnet ic  beads, 
followed by magnet ic  separation. 

Poliovirus replication in adherent PBMCs 

Adherence to plastic culture dishes was used to separate monocytes  from other 
cell types in P B M C s  because monocytes  adhere to plastic while the lym- 
phocytes  and N K  cells do  not. Each fraction of cells (PBMCs, adherent  or 
nonadheren t  fraction) was separately infected with poliovirus at an moi  of 10. 
A high moi  was used to ensure that  the m a x i m u m  number  of cells were infected. 
However,  r igorous rinsing was then required to remove u n b o u n d  virus, which 
was the majori ty  of the input  virus. The titers at time zero (residual virus, either 
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Fig. 1. Replication of poliovirus in Ficoll-purified PBMCs and in adherence-fractionated 
cells. Primary human peripheral blood mononuclear cells, adherent cells or nonadherent 
cells were infected with poliovirus, rinsed thoroughly to remove unbound virus and samples 
titered in a standard plaque assay on Hela cells at the indicated timepoints. Viral yield, 
expressed as pfus/ml, is depicted as a function of time in hours. Data are from 3 separate 
experiments: • viral yield from 107 Ficoll-purified PBMCs; [] viral yield from adherent 
cells from 107 Ficoll-purified PBMCs;/k viral yield from nonadherent cells from 107 Ficoll- 

purified PBMCs 

loosely bound or not yet penetrated) tend to differ for the various fractions. This 
is likely to be due to the differing number of cells that express PVR in the 
various fractions, since residual virus correlates with PVR levels (unpubl. obs.). 
Samples were withdrawn at daily intervals and titered in a separate plaque 
assay on Hela cells (Fig. 1). Control infections of unfractionated PBMCs 
supported poliovirus replication, as previously demonstrated [8]: the adherent 
cells also supported poliovirus replication, while the nonadherent cells did not 
support poliovirus replication. Although we are here concerned primarily with 
viral replication that occurs within 24 h of extravasation, a timecourse over 
5 days is shown in Fig. 1: data for the first day only is presented for subsequent 
studies. Increases in poliovirus titer from PBMCs is generally 2-10 fold within 
24 h, although there is significant donor-to-donor variation. 

The extent of fractionation by adherence was assessed by immunofluorescence 
staining using lineage-specific markers followed by flow cytometric analysis. 
The starting material (Ficoll-purified PBMCs) was 32.9% CD14-positive (mean 
of 9 measurements, 23.3-41.6% range), the adherent cells contained 62.4% 
CD14-positive cells (mean of 5 measurements, 53.8-75.8% range), while the 
nonadherent  cells contained 17.1% CD14 (mean of 4 measurements, 8.8-25.7% 
range). Therefore, adherent cells, which are greatly enriched for monocytes, can 
support poliovirus replication. However, the nonadherent cells, which contain 
a small amount  of contaminating CD14-positive cells, occasionally supported 
a low level of poliovirus replication. This is likely to be due to the contamina- 
ting CD14-positive cells in the nonadherent  fraction. However, it is possible 
that it may be due to other causes. It is possible that there is a small population 
of PVR-positive cells that are not monocytes: we have no evidence for this in 
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primary blood cells. In addition, it is theoretically possible that there is an 
alternate receptor for poliovirus replication in primary human tissues. How- 
ever, D171, a blocking anti-PVR antibody [30], fully inhibited poliovirus 
replication in PBMCs (Freistadt and Eberle, submitted). To address these 
issues, an improved cell fractionation procedure was developed. 

Poliovirus replication in monocytes obtained by negative selection 
with specific antibodies and paramagnetic beads 

One method to separate cells on the basis of cell surface markers is FACS. 
Several attempts to use this method to derive a pure population of monocytes 
capable of supporting poliovirus replication were not successful. This was 
probably due to the long time periods that were required to fractionate the 
relatively low abundance monocytes and to the resulting reduced viability of 
the purified cells. An alternate procedure that uses negative selection by 
paramagnetic beads to separate specific antibodies was developed. A positive 
selection was not used to avoid possible interference of the antibodies with 
subsequent infection. The non-CD14-positive cell population in PBMCs 
consists of CD19 (pan B marker)- and CD2 (pan T and NK marker)-positive 
cells. Therefore, we used specific monoclonal antibodies to these lineage-specific 
markers in a negative selection procedure that leaves CD 14-positive cells 
intact. The cells were assessed for purity using a non-specific esterase histologi- 
cal stain [22, 50] because residual antibodies from the fractionation interfere 
with immunofluorescence staining. This histological stain is specific for mono- 
cytes. Using this method, negatively selected monocytes, that were 73% pure, 
were obtained (Table 1). These monocytes supported poliovirus replication, 
while lymphocytes (negatively selected using an mAb to CD 14) were not able to 
support poliovirus replication (Table 2). There was donor-to-donor variation in 
the initial titers (Day 0). Therefore, fold-increase was used to calculate and 
compare extent of viral replication. These data strongly support the interpreta- 
tion that within PBMCs, CD14-positive cells exclusively support poliovirus 
replication. 

Table 1. Fractionation of PBMCs by specific mAbs and paramagnetic beads 

PBMCs CD2, CD19- CD2, CD19- CD14- 
(starting negative positive negative 
material) (monocytes) (lymphocytes) (lymphocytes) 

NSEa-positive 40 b 
NSE-negative 60 

73 c 16 a 25 e 
27 84 75 

~Nonspecific esterase stain for monocytes 
bMean of 5 measurements, range: 35-43% 
°Mean of 5 measurements, range: 63 88% 
dMean of 5 measurements, range: 0-37% 
eMean of 3 measurements, range: 14-37% 
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Table 2, Replication of poliovirus in Ficoll-purified PBMCs, monocytes and lymphocytes 
negatively selected with specific mAbs and paramagnetic beads 

Virus yield (PFUs/ml) 
Fold Average fold 

Day 0 Day 1 increase increase 

PBMCS 500 1700 3.4 
3 400 12 250 3.6 

Monocytes 47.5 475 10.0 
275 587 2.13 

Lymphocytes 725 362.5 0.58 
267.5 80 0.3 
625 316 0.51 

3.5 

6.07 

0.46 

107 Ficoll-purified PBMCs, monocytes negatively selected with anti-lymphocyte mAbs 
or lymphocytes negatively selected with anti-monocyte mAbs (both from 10 v Ficoll-purified 
PBMCs) were infected with poliovirus, rinsed thoroughly to remove unbound virus and the 
indicated samples titered in a standard plaque assay on Hela cells. Viral yield is expressed as 
pfus/ml; fold increase over the first 24 h was calculated by dividing pfus/ml for Day 1 by that 
for Day 0. For each fraction, the fold-increase is averaged 

Table 3. Infectious centers assays on PBMCs and adherent cells 

Cells Infectious centers Correct for % Correct for IC 
CDt4 +,  PVR+ a efficiency b 

Viral yield 
(in plus) per 
infected ceW 

PBMCs 0.32 + / - 0.12% 1.05% 1.20% 30 
Adherent cells 3.15 + / -  1.55% 5.43% 6.21% 4.0 

a32.9% of PBMCs (23.3-41.6% in 9 flow cytometric measurements) and 62.36% 
(53-75.8% in 5 measurements) of adherent cells are CD14-positive and 92.9% of CD14- 
positive cells are PVR-positive. The percent of infectious centers has been adjusted to reflect 
these numbers 

bin a control experiment, Hela cells yielded 87.5% IC. Therefore, the IC values were 
divided by 0'.875 to correct for efficiency of the Infectious Centers assay 

~To derive viral yield per cell when PBMCs were infected, viral yield (1.1 x 106 plus: 
2.2 x 10 s pfu/ml from 5 ml culture; mean of 9 separate experiments) was divided by infected 
cells (3.7 x 104 [1 x 107 multiplied by 0.0032 and divided by 0.875]). For the adherent cells, 
viral yield (1.2 x 105 plus: 2.45 x 104 pfu/ml from 5 ml culture; mean of 3 measurements) 
was divided by infected cells (3.0 x 104 [8.25 x 105 adherent cells {from 1 x 107 PBMCs} 
multiplied by 0.0315 and divided by 0.875]) 
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Determination of percentage of cells infected 

To determine the percentage of cells infected, infectious centers assays were 
carried out on PBMCs and adherent cells. In these assays, 0.32% of PMBCs 
were infected while 3.15% of adherent cells were infected (Table 3). After 
correction for the percentage of cells in each population that are PVR-positive 
and for the efficiency of the assay, it was determined that 1.20% of PBMCs and 
6.21% of adherent cells were infected. The infectious centers data were used to 
calculate pfus produced per cell. For PBMCs, 30 pfus were produced per 
infected cell; for adherent cells, 4 pfus were produced per infected cell. 

Effect of adding nonmonocytes 

The percentage of cells infected in adherent cells was higher than the percentage 
infected in PBMCs, suggesting that more monocytes support PV replication 
when they are separated from nonmonocytes. However, when one calculates the 
number of cells infected from the same starting material (1 x 10 v PBMCs), 
taking into account the difference in number of PVR-positive cells between the 
two populations, the values for number of infected cells within PBMCs and 
fractionated monocytes do not differ greatly (3.7 x 10 4 for PBMCs and 
3.0 X 10 4 for adherent cells; see caption to Table 3). Of interest, however, is the 
higher virus yield per infected cell obtained from PBMCs. This suggested that 
nonmonocyte cells in PBMCs affect poliovirus replication. To test this, the 
uninfected nonadherent cell fraction was added back to an infected adherent 
fraction and assessed for poliovirus replication as before (Table 4). The addition 
of nonadherent cells restored viral replication levels to that for the unfrac- 
tionated PBMCs. 

Discussion 

In this work, we developed two assays to identify the subpopulation within 
PBMCs that support poliovirus replication. Using these two assays, we 
identified monocytes as the exclusive cell type within PBMCs supporting 
poliovirus replication. Preliminary dual staining experiments of infected 
PBMCs for viral antigens and cell surface markers support this interpretation 
(unpubl. obs.). Virus yield from separated monocytes was lower than that from 
PBMCs. Infectious centers assays revealed while that a minority of cells, under 
either condition, supports poliovirus replication, more virus per cell is produced 
from the heterogeneous population. Higher total viral yield was restored when 
infected monocytes were mixed with uninfected lymphocytes, suggesting that 
interactions between monocytes and lymphocytes may affect poliovirus replication. 
Primary human cells were used in this study to avoid culture conditions that 
alter poliovirus susceptibility. However, primary cells are difficult to work with: 
there was donor-to-donor variability in the ability of monocytes to support 
poliovirus replication. Whether this is due to intrinsic differences between 
individuals or subtle differences is presently difficult to determine. It is possible 



2144 K.E. Eberle et al. 

Table 4. Effect of adding nonadherent cells on poliovirus replication in adherent cells 

Virus yield (PFUs/ml) 
Fold Average 

Day 0 Day 1 increase increase 

PBMCs 

Adherent, separate 

Non-adherent 
separate 

Infected adherent 
mixed with 
uninfected 
nonadherent 

2800 7000 2.5 
1 300 2600 2.0 

24000 90000 2.75 
I000 2700 2.7 

7500 10500 1.4 
900 1 500 1.67 

11500 18000 1.75 

100 0 0 

475 225 0.47 

2200 5 750 2.61 

21 700 47500 2.19 

2.49 + / - 0.34 

1.54+/-0.13 

0.24 + / - 0.33 

2 . 4 + / - 0 . 3  

Various cell fractions were infected with poliovirus, rinsed thoroughly to remove 
unbound virus and samples titered in a standard plaque assay on Hela cells at Day 0 and 
Day 1. Primary human peripheral blood mononuclear cells, adherent cells, nonadherent 
cells were infected: the last set represents infected adherent cells mixed with uninfected 
nonadherent cells. Viral yield is expressed as pfus/ml; fold increase over the first 24h was 
calculated by dividing pfus/ml for day 1 by that for day 0. Data are from 9 separate 
experiments. For each fraction, average and standard deviation of fold-increase is 
presented 

that genetic differences mediat ing differential susceptibility to poliovirus in 
epidemics, if they exist, are mediated by differences in the ability of an 
individual 's monocytes  to suppor t  poliovirus replication. A possible area of 
difference may be levels of PVR; however, with only one exception, we have not  
detected donor - to -donor  differences in the levels of PVR on monocytes.  
A retrospective study of poliomyelitis victims may  be required to address this 
issue. The levels of viral replication are very low: both  in terms of percentage of 
infected cells and yield per cell. It is possible that, if viral replication in humans  
occurs in monocytes  and macrophages,  it is at these low levels. This is in 
contrast  to tissue culture systems that  have been optimized for viral product ion.  
The poliovirus replication cycle in monocytes  appears to be slower than in Hela 
cells (about eight hours): kinetic studies are p lanned for the future. Prel iminary 
experiments suggest that  during the t imecourse of the experiments presented 
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here (1-5 days) multiple rounds of replication are not occurring (unpubl. obs.). 
Whether the infection is lytic has not been determined: too few cells are infected 
to observe lysis visually. If a persistent infection is being initiated, it would not 
be detected in these experiments because these primary cells are not immortal. 
However, persistent infection in macrophages may be relevant to the patho- 
genesis of Post-Polio Syndrome. It is of interest that poliovirus persistent 
infection has been reported in a hematopoietic cell line [23]. 

The infectious centers assays appear to indicate that more monocytes, when 
pure, rather than within PBMCs, support poliovirus replication. However, 
when one calculates the number of cells infected from the same starting material 
(1 x 107 PBMCs), taking into account the difference in PVR-positive cells 
between the two populations, the values for number of infected cells within 
PBMCs and fractionated monocytes do not differ greatly (footnote, Table 3). Of 
interest, however, is the higher virus yield per infected cells obtained from 
PBMCs, especially when virus yield per cell is considered (Table 3). Mixing 
infected adherent cells with uninfected nonadherent cells restored the higher 
level of viral replication. It is possible that under certain conditions, nonmonocytes 
support poliovirus replication, although there is no evidence for this. Alternatively, 
enhancement of virus yield per infected cell may be due to an interaction 
between monocytes and lymphocytes. Preliminary results suggest that PHA 
increases viral replication (unpubl. obs.). Since PHA is a lymphocyte mitogen, 
this could be due to the lymphocyte secretion of cytokines that activate 
monocytes. The finding that 7-IFN increases PVR expression in the absence of 
poliovirus [10] may provide a mechanistic explanation for this phenomenon. 
Recent reports that levels of receptor can mediate differences in susceptibility 
support this interpretation [19]. It was not possible to correlate PV susceptibility 
with PVR expression on a cellular level in the present work because D171 (an 
anti-PVR mAb recognizing the poliovirus binding site) does not detect PVR 
during a poliovirus infection. Other effects of activation may be responsible as 
well. This can be tested by adding activated lymphocyte culture supernatant or 
purified cytokines to monocytes and determining whether this affects virus yield 
per cell. Alternatively, the enhanced virus yield could be due to direct cell-cell 
contact between different cell types. Within PBMCs, it may be that susceptible 
monocytes are already activated: differences in monocyte activation between 
donors may explain the differences in extent of poliovirus replication between 
people. 

Our experiments with primary human cells suggest that monocytes replicate 
poliovirus in a natural infection. There have been previous studies of poliovirus 
replication in hematopoietic cells, but these have generally been carried out 
with cultured cells [31]. Studies of poliovirus replication that used primary 
human blood cells did not use defined cell surface markers to identify the 
cell type supporting poliovirus replication [24,46]. Our ability to detect 
poliovirus replication in PVR-positive, primary human blood cells within 24 h 
suggests that the cells were susceptible prior to the experimental infection. 
Although our studies have focused on monocytes, it is likely that macrophages 
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also support poliovirus replication in vivo. In vitro generated macrophages 
support poliovirus replication, but since changes occur in the cells during the 
culturing, this does not shed light on whether primary human macro- 
phages support poliovirus replication. This may require primary human 
macrophages. 

The ability of primary human blood cells to support poliovirus replication 
may explain several historically unresolved phenomena concerning poliomyelitis. 
Although it has long been known that poliovirus replicates in oropharyngeal 
and intestinal mucosa [3], the specific cell type carrying out the primary round 
of viral replication has not been identified. Furthermore, whether the replica- 
tion occurs during or after crossing the gut barrier is not clear. There is recent, 
indirect evidence that poliovirus can be trans-cytosed across the epithelial layer 
by M cells, suggesting that the initial uptake is nonspecific and does not include 
a round of replication [42]. In this case, resident mononuclear phagocytic cells 
in the Peyer's Patches may support initial rounds of poliovirus replication, 
similar to a hypothesized scheme for reovirus pathogenesis [48]. This suggests 
that after nonspecific entry into mucosal associated lymph tissue (MALT), 
resident macrophages may be the specific cell type that carries out the primary 
round of poliovirus replication. The virus produced could be shed into the 
blood, causing plasma viremia [28]. However, it is possible that monocytes in 
the blood may also become infected and shed additional virus into the blood. 
Additionally, myeloid cells in MALT may be one of the elusive "extraneural" 
sites of viral replication that is responsible for continued shedding of poliovirus 
into feces after viremia has been cleared [4]. 

Myeloid cells may also be important in the dissemination of poliovirus 
through the body during an infection. Another unresolved question in po- 
liovirus pathogenesis has been how the virus enters the CNS. There is evidence 
for two routes: direct crossing of the blood brain barrier [29] or retrograde 
transfer after replication in peripheral tissues [37]. Furthermore, there are 
strain-specific differences in the route viruses use [29]. Our work suggests 
a third possible, though not necessarily exclusive, route: in nonimmune 
individuals, monocytes may carry the virus into the CNS when they diapedese 
and differentiate into microglia. The early finding that specific antisera rapidly 
cleared plasma viremia [28] is not inconsistent with such a route because in the 
presence of antibody, poliovirus enters monocytes via Fc receptors and is 
rapidly degraded (unpubl. obs.). In an immune individual, presumably antibody 
would clear virus before significant numbers of blood monocytes are infected. 
Direct testing of this may require an animal model. 

Although poliovirus has not been thought of as a "macrophage-tropic" 
virus, the ability of viruses to replicate in mononuclear phagocytes can be 
critical in establishing a natural infection [5,12,25]. Similar to other viral 
infections, (HIV and HCMV), blood monocytes or tissue macrophages may act 
as a reservoir for poliovirus. Replication in mononuclear phagocytes has been 
observed for: measles virus [14], coronavirus [2], arterivirus [21], arenavirus 
[1], alphaviruses [33], lentiviruses [5], poxvirus [38] and herpes viruses 
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[34, 44-1. Strain-specific differences in virulence of ectromelia may be mediated 
by their differential ability to replicate in mononuclear  phagocytes [38]. 
Differences in susceptibility of mononuclear  phagocytes to viral infection may 
account for variation in the age-related or other genetically conferred differen- 
ces in susceptibility of animals to HSV, ectromelia or M H V  [2, 43, 45]. 

Replication in macrophages may enhance antigen presentation. Since the 
efficacy of live, at tenuated vaccines is due to their ability to induce IgA- 
mediated immunity,  replication in gut-associated macrophages may be critical 
in generation of IgA response. Although attenuating mutations have been 
mapped in the viral genome [17, 32, 35, 47], their functional significance during 
a natural infection is not  known. If poliovirus replication in monocytes is 
important  in poliovirus pathogenesis, a prediction would be that there are 
strain-specific (attenuated vs. neurovirulent) differences in poliovirus replication 
in monocytes. Preliminary results suggest that this is the case (unpubl. obs.). 
Continued studies on poliovirus replication in primary human blood cells may 
shed light on these various issues. 
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