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DESTRUCTION OF VIRUSES 

Stephen S. Morse 
Page S. Morahan 

I. GENERAL INTRODUCTION 

Destruction of viruses by mononuclear phagocytes can be de-
fined in several ways. Phagocytes may adsorb virus and then 
either actively destroy the virus intracellularly or be nonper-
missive for virus replication (intrinsic antiviral activity) 
(1 - 3). Mononuclear phagocytes can also reduce virus produc-
tion in other infected cells (extrinsic antiviral activity) 
(1, 4), possibly by unusual mechanisms, in addition to such 
classical mechanisms as macrophage-mediated cytotoxicity for 
virus-infected cells (5), production of antiviral substances 
such as interferon, toxic metabolites, or growth-limiting 
products (6, 7), and antibody-dependent cellular cytotoxicity, 
ADCC (8). 

This chapter will describe two assays for macrophage anti-
viral activity. The first is a procedure to determine macro-
phage intrinsic antiviral activity. The second assesses ex-
trinsic antiviral activity by measuring the ability of the 
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macrophage to reduce virus growth in infected susceptible host 
cells in mixed culture. The procedures described are applicable 
to any mononuclear phagocyte, although mouse peritoneal cells 
have been investigated most extensively and will be referred to 
in this chapter. It is assumed that the reader has a basic un-
derstanding of virologie assay techniques (9). The virus used 
in these protocols is herpes simplex virus (HSV), but other vi-
ruses may be substituted as desired. Required biocontainment 
precautions will be discussed in the concluding section. 

II. DETERMINATION OF INTRINSIC ANTIVIRAL ACTIVITY 

A. Introduction 

Most viruses can adsorb to mononuclear phagocytes (10, 11). 
Several outcomes are possible. With a few viruses (poxviruses 
in nonimmune hosts, lactate dehydrogenäse-elevating virus, and 
several others), the virus may grow in the mononuclear phago-
cyte and eventually be spread wherever the infected phagocyte 
wanders (1, 11). More frequently perhaps, the virus is ad-
sorbed and penetrates into the cytoplasm, but is then unable to 
replicate in the macrophage, and is eventually destroyed. This 
phenomenon, which we have termed intrinsic antiviral activity, 
has been described with many viruses, including herpes simplex 
virus (3, 12). The effect can be measured easily by monitoring 
virus growth in monolayers of phagocytes, as is done in the 
following procedure. 

B. Reagents 

(1) Eagle's Minimum Essential Medium with Earle's balanced 
salts (EMEM) supplemented with 10% (v/v) heat-inactivated fetal 
bovine serum (FBS), 2 mM L-glutamine, and antibiotics (e.g, 
50 yg Gentamicin per milliliter). All the components are 
commercially available. Prepare sterile and store at 4°C. 

(2) Herpes simplex virus (HSV) . Available from American 
Type Culture Collection (ATCC), Rockville, Maryland. We use 
Type 2 (HSV-2), but HSV Type 1 or other viruses can be substi-
tuted. CAUTION: BIOHAZARD. For preparation of virus stocks 
consult standard references (9) . 

(3) Virus diluent, GLB: Hanks' balanced salt solution with 
0.5% (w/v) gelatin (Difco, Detroit, Michigan) and 0.25% (w/v) 
lactalbumin hydrolysate (Difco). 

(4) Materials for plaque assay of virus (see Section IV). 
(5) Tissue culture plates, 35 mm (6 well) (Costar Division 
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of Data Packaging Corp., Cambridge, Massachusetts or Linbro 
Chemical Co., New Haven, Connecticut). The assay can be scaled 
down (to one-quarter) by using 24-well plates (16-mm wells). 

(6) Hanks' balanced salt solution (HBSS). Store at 4°C. 
(7) Mononuclear phagocyte preparation. See the appropriate 

chapter in Section I of this volume. 
All reagents should be sterile. The cells should be kept 

in a CO2 incubator (at 5% CO2 in air). Glassware required in-
cludes sterile cotton-plugged 1-ml and 10-ml pipettes and 
sterile capped tubes (12 x 75 or 13 x 10mm glass, polypropylene, 
or polystyrene). 

C. Procedure 

(1) Obtain mononuclear phagocytes and resuspend in culture 
medium [Section II.B.(l)]. A convenient concentration is 
6 - 9 x 106 peritoneal cells (approximately 3 x 10^ macro-
phages) per milliliter. Different types of mouse peritoneal 
macrophages, human monocytes, and macrophage cell lines have 
been studied (1). 

(2) With a sterile 10-ml pipette, pipette approximately 
2 - 3 x 107 peritoneal cells (or about 1 x 10 7 macrophages) per 
well. Use minimum of two wells per group; one plate per time 
point plus an additional plate for virus uptake at 1 hr. (4 
plates minimum). Leave 2 wells, or an additional plate, with-
out cells; these wells will be used later for virus thermal in-
activation controls. If the supply of macrophages is sufficient, 
pipette macrophages into 1-2 additional wells which will be left 
uninfected to serve as morphologic controls for evaluation of 
virus cytopathic effect in step (8). Shake gently to evenly 
disperse cells and incubate (37°C) 2 hr for cell attachment. 

(3) Wash with HBSS [Section II.B. (6)] three times to remove 
nonadherent cells. This is done by vigorously pipetting sterile 
HBSS (approximately 5 ml/well) into each well and then removing 
the wash liquid by dumping or aspirating the plates. Repeat 
two more times, leaving HBSS in the wells the last time. 

(4) Prepare dilution of virus in GLB [Section II.B.(2) and 
(3)]. In general, a suitable dilution will be >1 virus plaque-
forming unit (PFU) per cell. Thus, the final dilution should 
contain about 2.5 x 107 PFU/ml if 0.4 ml of virus will be ad-
sorbed to 1 x 10 macrophages. Keep virus on ice until added 
to cells. Save aliquot for virus titrâtion (store at -70°C). 

(5) Drain wells (by dumping or aspirating off liquid) and 
add 0.4 ml of the virus dilution to each well (including ther-
mal inactivation control wells) with a sterile 1 ml pipette. 
Gently rock plate to spread the liquid over the cells and incu-
bate plates for 1 hr at 37°C. Shake the plates gently every 
15 min to ensure even distribution of virus. 
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(6) At end of hour, add 3.6 ml EMEM to each well containing 
cells and pipette off fluid. Save (-70°C) for later determina-
tion of the amount of virus adsorbed. Add 13 ml EMEM to the 
wells reserved for the thermal inactivation controls and take a 
0.5 - 1 ml sample from each of these control wells. 

(7) Wash wells (except thermal inactivation controls) three 
times with HBSS, as in step (3). (This is essential in order 
to remove nonadsorbed virus. If not washed, such initially non-
adsorbed virus can attach to cells and give a false impression 
of virus growth.) Drain wells and add 5 ml EMEM to each well 
containing macrophages. Place the 1 hr plate in a freezer 
(-70°C) for later determination of initial virus uptake. Incu-
bate remaining plates at 37°C. The thermal inactivation con-
trols should also be concurrently incubated. 

(8) At 24 hr after infection, look for microscopic signs of 
cytopathic effect (cell damage), and place one plate in -70°C 
freezer (the freezing and later thawing will disrupt the cells 
sufficiently to release cell-associated virus). This is the 
24-hr sample. Also freeze aliquot of thermal inactivation con-
trol to be titrated later with the other samples. Repeat this 
procedure at 48 and 72 hr. 

(9) When ready to perform the virus assay (Section IV), re-
move plates and control samples from freezer and thaw (at room 
temperature or 37°C). Collect fluids from each well as soon as 
thawed and keep on ice until the virus dilutions are placed on 
the assay cells. 

D. Calculation of Results 

Virus titers are calculated from the plaque counts and the 
dilutions as explained in Section IV.D. On a semi-log scale, 
plot virus thermal inactivation control and macrophage virus 
titers for each time point. Calculate amount of virus adsorbed 
at 1 hr by subtracting unadsorbed virus (virus titer, calculated 
in PFU/well, of supernatant fluid in step (6)) from input virus 
(calculated from titer of aliquot from step (4)). [To calculate 
input virus in step (5), PFU/well = 0.4 x PFU/ml. Step (6) rep-
resents a tenfold dilution; therefore, for actual titer of un-
adsorbed virus in PFU/well, multiply titer (calculated as shown 
in Section IV.D) by ten.] 

Demonstration of virus growth in the macrophage requires 
that virus titer of the macrophage wells be above amount ini-
tially adsorbed and significantly above thermal inactivation 
controls at one or more time points. Impression of virus 
growth is strengthened if virus titer in infected macrophage 
wells after 24 hr increases over time. With HSV, virus growth, 
if any, is characteristically modest (often <0.5 - 1 log^o over 
amount adsorbed) and statistical analysis (e.g., by t-test) may 
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be required to demonstrate significance. 
Virus titer of macrophages lower than corresponding thermal 

inactivation controls suggest virus clearance from the macro-
phage or prolonged eclipse phase of virus in the macrophage. 
Slope of curve can be used to determine rate of clearance. 

Alternative assays are discussed in the next section 
(Critical Comments). 

E. Critical Comments 

The intrinsic antiviral assay involves measurement of virus 
growth in mononuclear phagocytes. With HSVf many macrophages 
are refractory to infection, including resident peritoneal mac-
rophages (12), and less than 102 PFU/ml of virus is observed. 
Thioglycollate-elicited macrophages are reported to be permis-
sive for virus growth (13). The multiplicity of infection (num-
ber of virus PFU per cell in initial infection) may be critical 
to detection of growth, and a higher MOI ( 1 - 5 PFU/ce11) may be 
necessary to ensure infection of every cell. Confluency of the 
phagocyte monolayer may also be important. The figures given 
should allow about 80% confluency. If a virus that does not ex-
hibit cell-to-cell spread is used, a slightly heavier monolayer 
may be desirable. The length of time which the mononuclear 
phagocytes have been kept in culture may also be important. 
With HSV, macrophages cultured in vitro for seven days appear 
to gain permissiveness for virus replication (13, 14). In all 
cases a thermal inactivation control must be used; even so, it 
may be difficult at times to distinguish between true virus 
growth and decreased thermal inactivation due to protective ef-
fect of cell association. In the procedure described total vi-
rus yield (intracellular and extracellular) was determined, but 
each can be separately determined by removing supernatant medium 
at each time point and lysing cells with distilled water as des-
cribed in the following paragraph. 

Destruction of virus may be determined in several other 
ways. It may be of interest in some cases to determine virus 
clearance per se within the macrophage. This can be done by 
taking earlier time points (e.g., 2, 4, 8, 12, and 24 hr). 
Step (8) is slightly modified. The supernatant fluid should be 
removed (and saved for titration of extracellular virus) and 
the plate for that time point washed three times with HBSS. 
Distilled water (5 ml) is then added and the plates are frozen-
thawed as described. The remainder of the procedure is as des-
cribed. Virus titers in supernatant fluid and in cell lysate 
are then separately determined [Section IV]. 

Virus clearance can also be determined by following the 
fate of viral antigens (by immunofluorescence or immunoperoxi-
dase techniques) or of other virus components or products (e.g., 
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nucleic acid by hybridization). Replication of HSV in infected 
cells is preceded (early after infection) by increased cellular 
uptake of thymidine which can therefore be used to monitor vi-
rus infection. In our hands, both virus yield and thymidine up-
take in Corynebacterium parvum-elicited macrophages are general-
ly low, indicating the relative nonpermissiveness of these cells 
for HSV replication. 

An alternative method is to determine the presence of poten-
tially infectious virus (rather than virus growth) by infectious 
center assay. Infected macrophages in step (7) are overlaid 
with susceptible indicator cells (for HSV, 2 x 10^ Vero cells 
per well) which are allowed to form an even monolayer. Semi-
solid overlay medium [section II.B.(4)] is added to the wells. 
The cells are incubated for 48 - 72 hr and then fixed and 
stained for virus plaques [section iv]. The number of plaques 
gives the number of infectious centers, that is, the number of 
macrophages containing infectious or potentially infectious vi-
rus. This assay is reasonably sensitive and can serve as a 
method for following clearance or persistence of virus in the 
macrophage. 

III. ASSAY FOR EXTRINSIC ANTIVIRAL ACTIVITY 

A. Introduction 

Extrinsic antiviral activity, the ability of certain mono-
nuclear phagocytes to reduce virus growth in infected suscep-
tible host cells on mixed culture, is another means by which 
macrophages may assist in host defense against viruses. It has 
been described with several viruses, including herpes simplex 
virus (1, 4), vesicular stomatitis virus (4), vaccinia virus 
(1), and encephalomyocarditis virus (15). Although the exact 
mechanisms are not known, the activity can be distinguished 
from other macrophage activities such as cytotoxicity (16). 
The specific mechanisms involved appear to vary with different 
viruses and host cells. Interferon is probably not involved in 
extrinsic activity against HSV (16), but appears to be impor-
tant in the activity against encephalomyocarditis virus (15). 

B. Reagents 

Those listed here are in addition to those required in Sec-
tion II.B with the exception of item (.5) of Section II.B. 



IX. DESTRUCTION BY MONONUCLEAR PHAGOCYTES 765 

(1) EMEM with 2% FBS [prepared as described in Section 

II.B.(l), but with 2% FBS v/v]. 

(2) Vero cells (African green monkey kidney cell line). 

Available from ATCC, Rockville, Maryland or Microbiological 

Associates, Walkersville, Maryland. These are grown in EMEM 

with 10% FBS [Section II.B.(l)] and kept at 37°C in 5% CO2. 

(3) Tissue culture plates, 16 mm (24 well), sterile. Avail-

able from Costar, Cambridge, Massachusetts or Linbro Chemical 

Co., New Haven, Connecticut. 

(4) Overlay medium for virus plaque assay: EMEM with 2% 

FBS [Section II.B.(l)]and 1% (w/v) methylcellulose (4000 cp; 

Fisher Scientific Co., Fair Lawn, New Jersey). Store at 4°C. 

(To prepare, suspend methylcellulose, 2% (w/v), in distilled 

water, mix, and autoclave. When cool, shake vigorously to 

dissolve methylcellulose, aseptically add proper amount of 

10X EMEM, FBS, antibiotics and sterile distilled water to final 

volume (for final methylcellulose concentration of 1 % ) , adjust 

pH with sterile sodium bicarbonate, and stir at room tempera-

ture for 1 hr to mix. Do not be alarmed by initial appearance, 

which should improve with stirring. Final product should be 

fairly viscous.) 

C. Procedures for Yield Reduction and Plaque Reduction Assays 
of Extrinsic Antiviral Activity 

All steps are done under sterile conditions and with bio-
hazard precautions. 

1. Before Assay 

(a) If necessary, treat animals with macrophage-eliciting 

agents. With mice, we find good activity with peritoneal mac-

rophages elicited by Brewer's thioglycollate broth (preferably 

aged at least 2 weeks) (available from Difco; make up as di-

rected by manufacturer and inject 1 ml/mouse intraperitoneally 

on day 5 before harvest) or Corynebacterium parvum vaccine (Bur-

roughs Wellcome, Research Triangle Park, North Carolina; 

70 mg/kg intraperitoneally on day - 7 ) , as well as with peri-

toneal macrophages from mice infected intraperitoneally with 

virus (4). Controls should include resident macrophages (from 

untreated animals). If a virus is used to elicit macrophages, 

animals treated with virus diluent should also be used as con-

trols. 

(b) On the day before assay, prepare the monolayer of host 

(Vero) cells in plates. Seed the Vero cell suspension (in 

EMEM with 10% FBS) [Section II.B.(l)] at 2 - 2.5 * 1 0 5 cells 

per 16 mm well (1 ml/well), gently shake plates until cells are 

evenly dispersed, and incubate at 37°C. The Vero cells should 
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b e e v e n l y s u s p e n d e d b e f o r e p i p e t t i n g o n t o p l a t e s . At l e a s t 
two p l a t e s w i l l b e r e q u i r e d . 

2 . On Day of Assay 

(a) Harvest macrophages, wash, and resuspend in EMEM with 

2% FBS [Section III.B.(l)] at approximately 6 x 1 0 6 - 1 x 107/ml. 

Keep cells on ice until ready to dispense. 

(b) Prepare dilution of stock HSV. The dilution should con-

tain approximately 500 PFU/ml in virus diluent (GLB). Keep on 

ice until ready to use. 

(c) Drain or aspirate liquid from wells of Vero cells to be 

infected. Duplicate plates will be infected and set up with 

phagocytes. For each plate, at least 3 - 4 wells per treatment 

group of macrophages should be infected, plus the same number 

of wells with virus but without macrophages as virus controls. 

Leave uninfected at least 2 wells per group as macrophage non-

specific cytotoxicity controls, plus 2 - 3 additional wells per 

plate as cell controls. Removing the liquid can be done with a 

sterile 10-ml pipette or aspirator or by inverting the plates 

(carefully, to avoid contamination) over absorbent material. 

(d) To each well to be infected, add 0.1 ml of the virus 

dilution. This should represent approximately 50 PFU/well. 

Rock plate gently to distribute virus over the cell monolayer 

and incubate at 37°C for 1 hr, gently shaking the plate every 

15 min to ensure even distribution of the virus. 

(e) At end of hour, you may wash each well once to remove 

unadsorbed virus. [Washing at this point is optional. Do as 

described in Section U . C . (3). This is really only necessary 

if a MOI > 0.1 is used.] 

(f) To the duplicate plates, add 3 x 10 6 peritoneal cells 

(representing approximately 1 - 1.5 x 10 6 macrophages or raono-

cytes) per well (except the cell and virus control wells, 

which do not receive macrophages). Shake plates gently to 

evenly distribute macrophages. The groups used might typically 

include for each plate (depending on sources of mononuclear 

phagocytes, etc.): 

Resident macrophages + infected Vero cells ( 3 - 4 wells per 

plate) 

Elicited macrophages + infected Vero cells ( 3 - 4 wells per 

plate for each group) 

Infected Vero cells alone (virus controls; 3 - 4 wells per 

plate) 

Resident macrophages + uninfected Vero cells (cytotoxicity 

controls; 2 wells per plate) 

Elicited macrophages + uninfected Vero cells (cytotoxicity 

controls; 2 wells per plate for each group of macrophages) 

Uninfected Vero cells alone (cell controls; 2 wells per 

plate) 



IX. DESTRUCTION BY MONONUCLEAR PHAGOCYTES 767 

The number of macrophages added in the assay corresponds to a 
final macrophage - host cell ratio of about 2:1. 

(g) Incubate plates 2 hr at 37°C to allow macrophage ad-
herence. 

(h) Remove nonadherent cells by washing three times with 
HBSS (as described above) 

(i) Drain or pipette off liquid from plates. To one plate 
(or set of plates) add 1 ml EMEM with 2% FBS [Section III.B.(l)] 
per well. The duplicate plate will receive overlay medium 
[Section II.B.(4)]. Return to incubator and incubate 72 hr 
(37°C/ 5% C0 2). 

(j) The plate which received EMEM with 2% FBS will be used 
for a YIELD REDUCTION ASSAY; the plate with overlay medium is 
used for a PLAQUE REDUCTION ASSAY. After 72 hr postinfeetion, 
remove plates from incubator and collect supernatant culture 
medium from each well of the YIELD ASSAY PLATE with sterile 
1-ml pipettes. Pipette into sterile glass vials or capped 
tubes and store at -70°C for subsequent virus titration by 
plaque assay (Section IV). 

(k) For plaque reduction assay, the plate which received 
overlay medium is fixed and stained as for plaque assay [section 
IV.C.(5) and subsequent steps] at 72 hr postinfection. 

D. Calculation of Results 

In the extrinsic antiviral assay, plaque reduction is de-
termined by comparing the macrophage wells (for each group of 
macrophages) with virus controls. Plaque reduction may be ex-
pressed as percentage reduction in plaque number or size com-
pared with virus controls. 

In the yield reduction assay, virus yield is most easily 
expressed as log^o titer (PFU/ml) and activity is then ex-
pressed as log-LQ reduction of virus titer relative to virus 
controls. 

E. Critical Comments 

Extrinsic antiviral activity is assayed by either plaque 
reduction or virus yield inhibition. Both can be done concur-
rently, as described here, and are generally well correlated 
although they measure somewhat different aspects of virus 
growth. In general, the virus yield assay may be somewhat more 
sensitive, and can be used alone if desired. 

Typical results (for C. parvum or thioglycollate-elicited 
macrophages) are 2 - 3 log^o reduction in yield and £90% plaque 
reduction. Resident macrophages typically have little activity; 
if considerable activity (1 logio yield reduction or 90% plaque 
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reduction) is observed, the possibility of nonspecific infection 
of the macrophage donors should be considered. This assay may 
therefore serve as an additional test of activated macrophage 
function. 

For determination of antiviral activity against a new virus, 
some of the conditions may need to be optimized. The input MOI 
is critical. We have found that a very low MOI gives best re-
sults in both yield and plaque reduction assays. Activity is 
reduced or abrogated at MOI more than five to ten times higher 
than that used here. The time of addition of effector cells, 
while not critical, can have an effect. Activity is reduced if 
addition of effector cells is delayed much beyond 12 hr. 
Choice of host cell is also important, although the assay works 
equally well with mouse embryo fibroblasts (4). We have used a 
xenogeneic system in order to minimize effects of interferon 
and possible lymphocyte cytotoxicity. It is wise to ensure that 
adequate controls are used, including the cytotoxicity controls 
described. In practice, we generally do not observe nonspecific 
cytotoxicity at the macrophage - host cell ratio used. The as-
say should be repeated with fresh macrophages if cytotoxicity is 
observed. 

IV. TITRATION OF VIRUS BY PLAQUE ASSAY 

Am Introduction 

Growth or presence of most viruses is determined by plaque 
assay (9). Plaque assay is based on the observation that many 
viruses cause cell death after infecting susceptible cells; if 
enough cells in an area are damaged, a clear area, or plaque, 
is visible in the cell monolayer. It is assumed (and has been 
proved for many viruses) that the number of plaques formed is 
proportional to the number of infectious virus particles origi-
nally present. The amount of virus is calculated as plaque-
forming units (PFU) from the number of plaques counted. 

B. Reagents 

All reagents are sterile. Biohazard precautions should be 
observed. Most of the reagents required have been listed in 
other sections. These include Section II.B.(l) (EMEM with 10% 
FBS) for growing the monolayers, Section II.B.(3) (virus di-
luent), Section III.B.(2) (Vero cells), Section III.B.(3) 
(16 mm, 24 well plates), and Section III.B. (4) (overlay medium). 
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Additional items required include the following nonsterile 
reagents : 

(1) Fixative: Aqueous formaldehyde, 4% (made by diluting 
commercial concentrated formalin 1:10 with water). Store at 
r-om temperature. 

(2) Crystal violet stain: Dissolve 3 gm crystal violet 
(Fisher Scientific Co., Fair Lawn, New Jersey) in 132 ml 95% 
ethanol and add distilled water to 600 ml. Filter (Whatman No. 
1 or equivalent) into bottles and store at room temperature. 

C. Procedure 

(1) Prepare Vero cell monolayers in 24 well plates as in 
Section III.C.l.(b); this should be done 24 hr before starting 
assay. (Required number of plates will depend on number of 
samples.) 

(2) Prepare serial tenfold dilutions of virus in GLB. To 
do this, first aseptically dispense 1.8 ml GLB diluent into 
sterile culture tubes (12 x 75 or 13 x 100 mm), one tube per 
dilution. Keep virus samples and tubes in ice. (In general, 
for the extrinsic antiviral yield assay, dilutions from 10~1 
through 10"^ will be required. For the intrinsic antiviral as-
say, undiluted through 10" ̂  dilution can be used, 10~1 through 
10"5 for controls). With a sterile 1-ml pipette, add 0.2 ml of 
the virus sample to the first dilution tube (be careful not to 
place the pipette tip in the diluent), and discard pipette. 
Using a second sterile pipette, pipette the liquid up and down 
several times to mix and withdraw 0.3 ml of the dilution. Add 
0.2 ml to the next dilution tube. Discard pipette and use new 
pipette to mix. Continue in this fashion until all required 
dilutions have been done. The original sample is the undiluted; 
the first dilution is termed 10"1; and so on. 

(3) Drain or aspirate liquid from the Vero cell plates [Sec-
tion III.C.2.(c)]. To each well, add 0.1 ml of sample (undi-
luted sample or a dilution, as required); this is best done in 
duplicate. Gently rock plate to distribute virus over cell 
monolayer. Incubate 1 hr at 37°C, gently shaking plates every 
15 min. 

(4) After 1 hr, add 1 ml overlay medium Isection III.B.(4)] 

to each well. Incubate (37°C, 5% C02) 72 hr. 
(5) At end of incubation, add formaldehyde fixative [Section 

IV.B.(l)] to each well (approximately 1.5 ml, enough to almost 
fill the well). Fix at room temperature for 30 min. 

(6) Drain plates. Wash wells three times under gentle 
stream of tap water to remove remaining methylcellulose. (Drain 
wash water into sink.) 
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(7) Add sufficient crystal violet stain [Section IV.B.(2)] 
to each well to cover cells. Stain at room temperature for 15 
min. 

(8) Drain stain into sink and wash again as in step (6). 
Invert plates over absorbent material and allow to dry. 

(9) Virus plaques will be seen as clear areas in a blue cell 
sheet (may be best seen under dissecting microscope). Count 
plaques and calculate virus titer from dilution. 

D. Calculation of Results 

The virus titer is calculated from the plaque counts and 
the dilution. For each sample, use those dilutions with the 
greatest number of countable plaques (roughly 10 - 50 plaques). 
The titers of these wells can be averaged together to give a 
mean titer. The titer in plaque-forming units per ml is given 
by the formula 

Titer (PFU/ml) = Plaques counted x (1/dilution) x volume 
correction 

Since the amount of sample used in each well was 0.1 ml, it is 
necessary to multiply by 10 to give PFU/ml. The last (volume 
correction) term is therefore 10. For example, if two wells 
of a 10"3 dilution have 20 and 22 plaques each, the titer in 
PFU/ml will be 

[(20 + 22/2] x 103 x 10 = 21 x 104 = 2.1 x 105 PFU/ml 

It is convenient in many cases to express the titer in units of 
log^O' in which case the answer would be 5.3 logio (rounded to 
one decimal place). 

E. Critical Comments 

Plaque assay is a standard enumeration method for many vi-
ruses and the procedure given here is easily adapted to other 
viruses. The Vero cell line works well with many viruses. In 
addition, other cell lines are available for different vi-
ruses (9). For viruses that plaque poorly, other techniques 
(such as hemagglutination inhibition, hemadsorption, or immuno-
fluorescence) are available (9). 

Herpes simplex virus plaques well on Vero cell monolayers. 
A few considerations should be mentioned. The cells should be 
in a confluent monolayer, but should not be allowed to over-
grow. Seeding the cells as directed about 24 hr before begin-
ning titrations should give good results. The overlay medium 
incorporates 2% heat-inactivated fetal bovine serum (FBS). 
Most batches of FBS, and some other sera, are satisfactory for 
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plaque assays; new batches should always be tested with a stand-
ard virus preparation. In performing the titrations, care 
should be taken to avoid contamination and drying out of cells 
(see Section V.A). The 3-day incubation recommended is a guide. 
After formalin fixation, all traces of methylcellulose should 
be washed out before staining. Fixation and staining times are 
approximate, and may be increased if desired. 

Accuracy and reproducibility of the plaque assay depends on 
many factors, including cell type, age and density of cells, 
culture medium used, virus strain, and operator proficiency. 
For this procedure, with HSV, variation within samples should 
be less than 0.3 logio· Dilution and pipetting errors are the 
commonest source of error. Automatic pipettes (Pipetman or 
Eppendorf-type) can be used in place of regular 1-ml pipettes 
if desired. A "Vortex" mixer can be used (with HSV dilutions 
in capped tubes) to mix samples if desired. 

V. CONCLUDING REMARKS 

Ά. Technical Precautions 

All the procedures described here require multiple washings 
of plates. Careful technique should be used to prevent conta-
mination of the cells. During adsorption steps, drying of the 
cells in the drained wells can occur if care is not taken to 
prevent it. This is especially true when work is done under 
a vertical laminar flow ("biocontainment") hood. Drying can be 
prevented by working quickly and uncovering only that part of 
the plate actually being worked on at the moment. 

Virus samples and dilutions should always be kept on ice 
when not actually in contact with cells. HSV may be refriger-
ated at 4°C for short-term storage (less than 24 hr). For long-
term storage, freeze at -70°C or below (never at -20°C). 

B. Biohazard Precautions 

Although herpes simplex virus is widespread in nature, it 
is a human pathogen and should be handled with care. Biohazard 
precautions should therefore be carefully observed (9). The 
Vero cell line is transformed and may also be potentially 
hazardous. The following precautions apply generally to work 
with any virus. 

Mouth pipetting should be prohibited. We have found an 
electric pipette pump ("Pipet-Aid," Drummond Scientific, Bro-
mall, Pennsylvania) very useful for washing and emptying 
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wells, adding cells, etc. 
Whenever possible, all work should be done in a vertical 

laminar flow ("biocontainment") hood. Disposable gloves and a 
laboratory coat reserved for virus work should be used whenever 
working with virus. If work is done with respiratory viruses, 
a surgical mask should also be worn. All contaminated liquids 
and recyclable materials (pipettes, tubes, etc.) should be 
placed immediately after use into covered buckets or pans con-
taining disinfectant (such as 0.6% sodium hypochlorite), and 
these vessels should be autoclaved daily before the contents 
are processed. Disposable items (such as gloves) should also 
go into autoclavable bags or containers that are autoclaved 
before being discarded. General hygiene (e.g., washing hands 
after all work) should be observed. Eating, drinking, or smok-
ing in the laboratory should be prohibited. While work is being 
performed, laboratory doors should be kept closed and unauthor-
ized personnel should be excluded. Special care should be taken 
to prevent exposing infants, debilitated elderly persons, preg-
nant women, and patients receiving immunosuppressive treatment 
or cancer chemotherapy. With these precautions, the assays can 
be done without serious danger to personnel or visitors. 

C. Comparison of Activities 

The antiviral assays detailed in this chapter measure two 
specific antiviral functions of macrophages. Both have been 
associated with in vivo resistance to virus infection (1), al-
though intrinsic activity has been separated from genetic re-
sistance to HSV (13); both activities may be important in vivo. 
It should be noted that intrinsic and extrinsic antiviral ac-
tivity are not necessarily correlated, and that the mechanisms 
involved in each of these activities also vary with the virus 
and host cell used. It is therefore essential that all compo-
nents (source of mononuclear phagocytes, virus, and host cells) 
be specified. Other factors that may affect the assays include 
time in culture (see Section II.E) and age of mononuclear pha-
gocyte donors. We routinely use mice at age 8 - 1 0 weeks. 
Peritoneal macrophages of older mice have comparable activity, 
while cells from suckling mice may have less activity (3). Al-
though we generally use BALB/c mice, other strains can be used. 

In addition to the antiviral activities described, other 
activities of mononuclear phagocytes may also affect the out-
come of virus infection. One can measure direct cytotoxicity 
for virus-infected cells as recently reported (5, 17). How-
ever, that activity appears to be detectable only at relatively 
high macrophage - target cell ratios (50:1 or greater), and 
when a high virus MOI (>1) is used. This activity may be com-
plementary to the macrophage antiviral assays we have described. 
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It is also important to rule out NK cell involvement in the an-
tiviral activity assays. In our systems, cytotoxicity is very 
low (16), suggesting that NK cells are probably not involved. 
This may need to be established when a new system is used. If 
virus is used as the eliciting stimulus for macrophages, pos-
sible ADCC activity or other effects of antibody may also need 
to be considered (8). The interrelationships of all these ac-
tivities, and their role in vivo, require further elucidation. 
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