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ROLE IN DEPRESSEDBACTERICIDAL ACTIVITY
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of Wake Forest University, Winston-Salem, North Carolina 27103;
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A B S T R A CT The present study examined the effect of
various unopsonized strains of influenza A virus on re-
lease of myeloperoxidase (MPO) and acid phosphatase
in polymorphonuclear leukocytes (PMNL). These results
were correlated with the effect that these same viruses
had on bactericidal activity in PMNL. Several strains of
virus inhibited the fusion of azurophil granules with pha-
gosomes containing Staphylococcus aureus. These same
strains inhibited the extracellular release of MPOfrom
PMNL(39-59%) and caused depressed killing (42-77%).
In contrast, one of the influenza viruses (X-47a) did not
inhibit PMNLMPOrelease or killing. The data indicate
a close relationship between the ability of influenza virus
to ablate normal intracellular lysosome-phagosome fu-
sion with subsequent depression of bactericidal functions
of PMNL.

INTRODUCTION

Influenza A viral infections can cause increased sus-
ceptibility to bacterial and fungal superinfections coin-
cident with depressed metabolic and bactericidal ac-
tivities of circulating and alveolar phagocytic cells (1-
4). The mechanism by which influenza virus causes
phagocyte dysfunction has not been determined. We
have recently reported that influenza virus inhibits
human polymorphonuclear leukocytes (PMNL)' as
monitored by luminol enhanced chemiluminescence
(5). Although this assay has been used to assess cellular
oxidative metabolism, it is also dependent on normal

Address reprint requests to Dr. Abramson.
Received for publication 22 February 1982.
1 Abbreviations used in this paper: HBSS, Hanks' balanced

salt solution; MPO, myeloperoxidase; PMNL, polymorpho-
nuclear leukocytes.

delivery of myeloperoxidase (MPO) (6, 7). Studies have
shown that Sendai virus, which is similar to influenza
virus in many of its physical components, can inhibit
fusion of lysosomal granules with phagosomes in al-
veolar macrophages of mice (8, 9); however, the ca-
pacity of viruses to inhibit lysosome-phagosome fusion
in human cells has not been examined. In this study
we have investigated the effect that different influenza
A viruses have on the release of two lysosomal enzymes
found in the azurophil granules of PMNL(i.e., MPO
and acid phosphatase) in conjunction with the effect
of these viruses on bactericidal activity in the cell. The
results indicate that virus or virus-associated products
inhibit the fusion of azurophil granules with phago-
somes containing bacteria. The inhibition of lysosome-
phagosome fusion directly correlates with depressed
bactericidal activity in the cell.

METHODS

Preparation of influenza virus. Influenza A viruses were
harvested from allantoic fluid (10) and purified using a su-
crose gradient (11). The following unopsonized strains of
virus were used in this study: (a) a naturally occurring H3N2
A/Texas/77 virus (Texas 77), (b) a naturally occurring HIN1
A/PR/8/34 virus (PR8), (c) a recombinant virus (X-31) con-
taining the internal proteins of the PR8 virus and the surface
glycoproteins of A/Aichi/2/68 (H3N2) and (d) a recombinant
virus (X-47) containing some of the internal proteins of PR8
and the surface glycoproteins of A/Victoria/3/75 (H3N2)
(12). Most of the X-47 virus that was grown inhibited fusion
of lysosomes with phagosomes in PMNL. However, several
harvests of this virus did not inhibit fusion of these vacuoles
and this nondepressing virus was designated X-47a. To date,
determinations of egg infectivity dose, 50% (EID50), hem-
agglutinin, and neuraminidase content (11), protein content
(13) and SDS gel electrophoresis (14) have not established
the difference between X-47 and X-47a. The Texas 77, PR8,
X-31, X-47 and X-47a viruses had hemagglutination titers

J. Clin. Invest. © The American Society for Clinical Investigation, Inc. - 0021-9738/82/06/1393/05 $1.00 1393
Volume 69 June 1982 1393-1397



*I .

?4:? it -_1

e 4

._, _e,
_ _Jrm40

_.

.

.. ...

-ANEW'VWP

O.w WW

-_.tD

FF3.
F.

C

FIGURE 1 The deposition of lysosomal enzymes in PMNLchallenged with influenza virus and/
or S. aureus. Electron micrographs are all of unstained sections (i.e. no lead or uranyl acetate
used) in order to highlight the cytochemical reactions. (A) PMNLexposed to X-47 virus for
30 min. MPOis located in azurophil granules (AG) and in vacuoles containing virus particles
(arrows). X9,500, (B) PMNLexposed to staphylococci for 30 min. MPOis found both in azur-
ophil granules and phagosomes containing the bacteria (arrow). X13,500, (C) PMNLexposed
to X-47 virus for 30 min followed by staphylococci for 30 min. MPOis present in phagosomes
containing virus particles (arrows), whereas very little MPOis seen in phagosomes containing
staphylococci (S). X20,500, (D) PMNLexposed to X-47a virus for 30 min followed by staph-
ylococci for 30 min. MPOis in phagosomes containing virus particles (small arrow) as well as
staphylococci (large arrows) X9,500, (E) PMNLexposed to X-47a virus for 30 min followed
by staphylococci for 30 min. Acid phosphatase is present in phagosomes containing virus par-
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of 1:640, 1:5120, 1:5120, 1:10,240, and 1:10,240, respec-
tively, and all had an egg infectivity dose, 50% of 108. Un-
infected allantoic fluid did not inhibit lysosome-phagosome
fusion.

Leukocyte preparation. A purified population of PMNL
(297%) was obtained from heparinized whole blood as pre-
viously described (5). The PMNwere resuspended in HBSS
with gelatin (0.1% gelatin in Hanks' balanced salt solution
without phenol red or NaHCO3; Gibco Laboratories, Grand
Island Biological Co., Grand Island, NY) to the desired final
concentration.

Electron microscopy. PMNL (5 X 106/ml) were prein-
cubated with 0.4 ml of virus or buffer for 30 min at 370C.
In some experiments opsonized Staphylococcus aureus
(American Tissue Type Culture 29213) was prepared as pre-
viously described (5), and incubated with these preincubated
PMNLat a 20:1 bacteria/cell ratio for an additional 30 min
at 370C. Cells for cytochemical studies were fixed at 1-30C
with 0.1 M cacodylate-buffered (pH 7.4) glutaraldehyde
(1.25%) in the presence of 2% sucrose. Cells were thrice
washed over a period of 1 h in cold 0.1 Mcacodylate buffer
containing 2% sucrose. MPOwas demonstrated by the di-
aminobenzidine technique of Graham and Karnovsky (15)
as applied to human leukocytes (16, 17). Acid phosphatase
cytochemistry was done using the (tris)-maleate buffered
lead precipitation technique as previously reported for per-
ipheral blood cells (16).

MPOrelease. PMNL(1.3 X 107/ml) were preincubated
with 0.5 ml of virus or buffer for 30 min at 370C. They were
centrifuged at 300 g X 10 min and the pellet was resuspended
in half the original volume. The PMNLwere then stimulated
for 15 min with opsonized zymosan (17 mg/ml, opsonized
as described previously [5]) in a 1:1 vol:vol ratio, centrifuged
at 300 g X 10 min and the supernatant assayed for MPO
content. Extracellular MPOrelease was measured by a mod-
ification of the method using o-dianisidine DiHCI (Sigma
Chemical Co., St. Louis, MO) as substrate (18). MPOwas
determined in a volume of 3 ml containing 0.003% hydrogen
peroxide and 0.25 mg o-dianisidine in 10 mMphosphate-
buffered saline with addition of 50 ml of supernatant to be
assayed. Absorbance at 460 nm was determined on a Beck-
man spectrophotometer (model 35, Beckman Instruments,
Inc., Fullerton, CA). MPOactivity was expressed as nano-
moles per 107 PMNLper minute, using an extinction coef-
ficient of 11.3 for o-dianisidine.

Bactericidal activity. Prior to exposure of PMNLto bac-
teria the cells were preincubated with 0.4 ml of virus or
buffer for 30 min. Preopsonized S. aureus was then incu-
bated with 5 X 106 PMNLat 37°C for 0, 15, and 60 min at
a 20:1 ratio using a previously described bactericidal assay
(19). Triplicate 20-Ml samples were taken using several di-
lutions of the incubation mixture and put on sheep blood
agar plates that had been prewarmed at 370C for 2 h. The
percentage of bacteria killed was calculated as previously
described (5).

Statistical evaluation was done using the paired Student's
t test.

RESULTS
Electron microscopy. Prior to challenge with virus

or bacteria the DAB reaction product indicative of
MPOwas localized to numerous large azurophil gran-

ules. Following ingestion of either virus (Fig. LA) or
staphylococci (Fig. 1B) PMNLdegranulation occurred
and electron opaque reaction product was observed in
the respective phagosome of each microbe. When
PMNLwere preincubated with Texas 77, PR8, X-31,
or X-47 and then exposed to staphylococci, apparently
normal phagocytosis of bacteria occurred; however,
there was a striking decrease in the deposition of MPO
within phagosomes containing bacteria (Fig. 1C). The
lack of normal granule-phagosome fusion (and intra-
phagosomal degranulation) was noted in >90% of the
PMNLeven though MPO-containing granules were
observed immediately adjacent to the phagosomes us-
ing stereo electron microscopy (data not included). In
contrast to this pattern, PMNLincubated with X-47a
and then exposed to staphylococci had MPOin bac-
terial as well as viral-containing phagosomes (Fig. ID).
Similar studies of intraphagosomal deposition of acid
phosphatase demonstrated identical results (Fig. 1E).

MPOrelease. PMNLstimulated with buffer for 30
min did not release any detectable MPO. All virus
preparation (including X-47a) caused a modest stim-
ulation of extracellular release of MPOranging from
one-twelfth to one-third that seen after zymosan inges-
tion (Table I). When PMNLwere preincubated with
Texas 77, PR8, X-31, or X-47 virus for 30 min and
then stimulated with opsonized zymosan, there was a
significant decrease in the extracellular release of MPO
as compared with cells initially treated with buffer
(P < 0.05). In contrast, preincubation of PMNLwith
X-47a virus did not depress MPOrelease induced by
phagocytosis of zymosan (Table I).

Bactericidal activity. The ability of PMNLto kill
S. aureus was significantly decreased after 15 and 60
min in cells pretreated with Texas 77, PR8, X-31, and
X-47 (P < 0.05), but not with X-47a (Table II).

DISCUSSION

The mechanism by which influenza virus enters PMNL
has not been studied, but this virus has been shown to
enter canine kidney cells by endocytosis and then to
rapidly fuse with lysosomal membranes (20). In the
present study, ultrastructural cytochemistry of PMNL
incubated with Texas 77, PR8, X-31, and X-47 virus
revealed azurophil granule enzymes within vacuoles
containing these viruses. Upon subsequent exposure of
virus incubated cells to S. aureus, enzyme product re-
lease into phagosomes containing the bacteria was
markedly decreased. Stereo electron microscopy dem-
onstrated MPO-containing granules adjacent to these
phagosomes but fusion of these granules with phago-
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ticles (arrows), and is seen in phagosomes containing staphylococci (S). X9,000. Similar exper-
iments done with X-47 virus and staphylococci showed acid phosphatase in the phagosomes
containing virus but not in phagosomes containing bacteria (data not shown).
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TABLE I
Extracellular MPORelease from PMNLPreincubated with Virus or Buffer prior to

Zymosan Stimulation*

MPOreleaseI

Phagocytic After phagocytic
Preincubation stimulant Preincubation stimulant %depression§

nmol/1O' PMNL/min

HBSS Zymosan 0 1.07
Texas 77 Zymosan 0.39 0.65 39

HBSS Zymosan 0 6.75
PR8 Zymosan 0.57 2.78 59

HBSS Zymosan 0 2.51
X-31 Zymosan 0.29 1.08 57

HBSS Zymosan 0 2.6
X-47 Zymosan 0.45 1.6 38

HBSS Zymosan 0 2.51
X-47a Zymosan 0.65 2.27 10

° PMNLwere preincubated with buffer or virus for 30 min and cells were then stim-
ulated with opsonized zymosan for 15 min.
I Results are given as the mean of closely agreeing duplicate determinations from a
representative example of three or more experiments. In all instances the range was
<10% of the mean.
§ Percent depression equals 1-(MPO released from virus preincubated cells in response
to zymosan - MPOreleased from control cells in response to zymosan) X100.

TABLE II
Bactericidal Activity against S. aureus of PMNLIncubated

with Virus or Buffer'

% bacteria killedt %depressionf

Preincubation 15 min 60 min 15 min 60 min

HBSS 71 91
Texas 77 27 51 62 46

HBSS 47 70
PR8 8 16 83 77

HBSS 66 79
X-31 36 46 45 42

HBSS 47 70
X-47 8 31 83 56

HBSS 66 79
X-47a 63 81 4 -3

° PMNLwere preincubated with virus or buffer for 30 min before
adding bacteria.
t Results are given as the mean of closely agreeing triplicate de-
terminations from a representative example of three or more ex-
periments. In all instances the standard error of the mean was
<10% of the mean.
§ Percent depression equals 1-(bactericidal activity of virus prein-
cubated cells + bactericidal activity of control cells) X100.

somes containing bacteria was noted only rarely. In
contrast, PMNLpreincubated with X-47a virus and
subsequently exposed to staphylococci had enzyme
product within phagosomes containing bacteria as well
as virus. These data suggest that internalization of in-
fluenza virus into the PMNLis not by itself sufficient
to inhibit lysosome-phagsome fusion. Additionally, all
of the viruses caused a modest release of MPOextra-
cellularly during virus-PMNL preincubation, but upon
subsequent exposure of the cells to opsonized zymosan,
extracellular MPOrelease was normal only for PMNL
pretreated with X-47a virus. Thus, viral-induced ab-
rogation of PMNLdegranulation to subsequent stimuli
(e.g., bacteria, zymosan) is due to neither (a) the initial
MPOrelease elicited by the virus, nor (b) the exhaus-
tion of cellular stores of MPO. Other studies from our
laboratory examining the effect of influenza virus on
PMNLchemiluminescent activity in the presence of
luminol, indicate that virus-induced depression of
chemiluminescent activity in response to particulate
and soluble stimuli is independent of the capacity of
the virus to stimulate the cell's respiratory burst
(manuscript submitted for publication).

The virus-induced depression of intraphagosomal
degranulation and extracellular MPOrelease from the
cell directly correlated with decreased PMNLbacte-
ricidal activity; i.e., Texas 77, PR8, X-31, and X-47
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viruses inhibited MPOrelease and killing, whereas X-
47a virus did not inhibit these parameters. Influenza
virus can cause depressed PMNLbactericidal activity
in vivo and in vitro without affecting phagocytic ac-
tivity (1, 5). Inhibition of MPOrelease could produce
decreased bactericidal activity by inhibiting the for-
mation of peroxidase-dependent microbicidal oxidants
(21). Inhibition of intraphagosomal release of other
lysosomal enzymes could also cause depressed non-
oxidative microbicidal killing (21).

To date, studies involving depressing virus and non-
depressing virus of identical parentage (i.e., X-47 and
X-47a) have not identified a difference in the physical
characteristics of these two viruses. The PMNLdys-
function could be due to a specific component of these
viruses, a substance released from viruses or a product
associated with the interaction of viruses with eukary-
otic cells. Although determining the difference be-
tween X-47 and X-47a virus could identify the mech-
anism by which inhibition of lysosome-phagosome
fusion occurs, the data obtained in this study indicates
that the disruption of lysosome-phagosome fusion oc-
curring in the presence of influenza virus may lead to
depressed bacterial killing by PMNL. Additionally, the
inhibition of lysosome-phagosome fusion in conjunc-
tion with depressed bactericidal activity of PMNLmay
help to explain the pathogenesis of secondary micro-
bial disease in patients with influenza virus infections.
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