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Macrophages Are Required for Influenza Virus Infection of Human Lymphocytes
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Abstract

Monocyte and lymphocyte surface-expressed viral antigens have
been demonstrated after exposure of unseparated human mono-
nuclear leukocytes to influenza virus in vitro. The current studies,
using r5Simethionine pulse-labeled purified preparations of virus-
exposed macrophages, depleted of lymphocytes, demonstrate that
the presence of these viral proteins does represent new synthesis.
However, purified lymphocytes, depleted of monocytes-macro-
phages and exposed to influenza virus, showed no detectable
viral protein synthesis. In further experiments, unseparated
mononuclear leukocytes were exposed to virus and subsequently
separated by countercurrent centrifugal elutriation. Both mac-
rophages and lymphocytes were then shown to synthesize influ-
enza proteins. Cell-free control or influenza virus-infected mac-
rophage-derived supernatant fluids did not facilitate influenza
virus infection of the lymphocytes. The data suggest that mac-
rophages are required for influenza virus infection of human
lymphocytes, and raise the possibility that macrophage facili-
tation of an abortive infection of lymphocytes plays a role in the
generation of effective immunity to viral antigens.

Introduction

In our previous studies, we showed that exposure of human
mononuclear leukocytes to influenza virus in vitro resulted in
depressed lymphocyte proliferative responses to mitogens (1).
The depressed proliferative responses were further shown to be
due to a primary alteration in monocyte-macrophage accessory
cell function after exposure to virus; lymphocyte proliferation
in response to mitogens remained intact in the presence of unex-
posed monocytes-macrophages (1, 2). Additional studies dem-
onstrated the production of significant quantities of immuno-
regulatory factors, notably both interferon and interleukin 1
(IL- 1),1 by the influenza virus-exposed monocytes-macrophages
(3, 4). No interferon was produced by virus-exposed purified
lymphocytes.
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1. Abbreviations used in this paper: HA, hemagglutinin; IL-i, interleukin
1; M, matrix protein; NA/NP, neuraminidase/nucleoprotein; NSE, non-
specific esterase.

The results of these studies provided evidence that influenza
virus interacts with human macrophages but provided no evi-
dence of a primary interaction of the virus with lymphocytes.
Therefore, the possibility remained that human lymphocytes
are not infected by the viruses. However, in subsequent exper-
iments, using fluorescein-conjugated anti-influenza antibodies,
both monocytes-macrophages and lymphocytes were found to
express influenza virus antigens on their surfaces after exposure
of unseparated mononuclear leukocytes to infectious virus (5).
Nonetheless, the possibility that input viral antigens were merely
processed and expressed by the leukocytes could not be excluded.
Therefore, the current studies were undertaken to determine
whether or not human monocytes-macrophages and lympho-
cytes, exposed to influenza virus, synthesize new influenza pro-
teins as an indication of active cell infection. In reporting these
studies, we describe a novel accessory cell function of monocytes-
macrophages that is related to the synthesis of influenza virus
antigens by autologous lymphocytes.

Methods

Cell collection and separation. Mononuclear leukocytes were obtained
from the peripheral blood of healthy volunteers by Ficoll-Hypaque sed-
imentation. Purified monocyte-derived macrophages were obtained by
adherence to plastic Petri dishes for 24 h to 7 d, with extensive washing
to remove nonadherent cells (1, 2). The resultant adherent cell population
contained > 97% macrophages by nonspecific esterase (NSE) staining
(1, 3). Nonadherent cells, containing 97-99.5% lymphocytes by mor-
phologic criteria and NSEstains, were obtained by each of three separate
techniques: (a) multiple passes of cells in plastic dishes, with the non-
adherent cells gently removed to new dishes every 24 h for a total of
four times; although the least efficient of the three, this procedure con-
sistently yielded > 97% pure lymphocytes; (b) 24-h adherence of leu-
kocytes using plastic dishes, followed by passage of nonadherent cells
through nylon wool columns (1, 3); the eluate contained > 99.5% pure
lymphocytes; and (c) countercurrent centrifugal elutriation (6,7); fractions
were collected that contained > 99.5% pure lymphocytes.

Exposure to virus and radiolabel. Cells (unseparated mononuclear
leukocytes, macrophages, and lymphocytes) were exposed or sham-ex-
posed to influenza A/AA/Marton/43 HINi, A/Japan/305/57 H2N2, or
A/Scotland/840/74 H3N2 for 1 h at 370C (3-5) in serum-free medium
199. Cells were exposed at multiplicities of infection ranging from 0.1
to 10. Lymphocytes were exposed to virus in the absence and in the
presence of trypsin (8, 9). Cells were then washed and incubated for
various further time intervals (0-72 h), at the end of which the medium
was removed and replaced for 2 h with methionine-free medium sup-
plemented with 50 ,Ci of ["S]methionine. Cells were then washed and
lysed with an SDS-containing detergent buffer for subsequent analysis
by SDSpolyacrylamide gel electrophoresis (PAGE) and autoradiography
(10). Immunoprecipitation of synthesized proteins was performed using
NIH reference antisera directed against influenza hemagglutinin (anti-
H1; V-314-511-517), neuraminidase (anti-N1; V-308-513-157), and
matrix protein (anti-M; V-306-501-157).
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Results

Purified monocyte-derived macrophages obtained by adherence
separation were exposed to influenza virus. The cells were pulsed
with [35S]methionine after varying intervals, for kinetic analysis
of synthesis of influenza virus-directed and host-directed protein
synthesis. The interval between phlebotomy, for collection of
peripheral blood-derived monocytes-macrophages, and in vitro
exposure or sham-exposure of the cells to virus varied from 4 h
to 7 d. Results using 18-h cultured cells (Fig. 1) are representative
of data derived from exposure of monocytes-macrophages to
virus at all other intervals after collection.

Three proteins, with molecular masses of - 85, 60, and 25
kD, were present in lysates of influenza virus-infected macro-

phages but absent from corresponding control cells (Fig. 1 a).
The proteins represented influenza hemagglutinin (HA), neur-

aminidase/nucleoprotein (NA/NP), and matrix protein (M), re-

spectively, as determined by immunoprecipitation with specific
antisera (Fig. 1 b). Viral antigen synthesis was present as early
as 2 h after infection, appeared to be maximal from 2 to 6 h
after infection, and diminished thereafter. The results shown are

also representative of data from exposure of the cells to other
subtypes/strains of influenza virus (A/Japan/305/57 H2N2 and
A/Scotland/840/74 H3N2). Viral antigen synthesis was seen with
multiplicities of infection ranging from 0.1 to 10. Exposure of
cells to heat-inactivated influenza A virus yielded results identical
to those observed in control lanes (data not shown).

Purified lymphocytes obtained by each of the several sepa-

ration techniques were exposed or sham-exposed to influenza
virus, washed, and incubated for various further intervals ranging
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from 0 to 72 h. At the end of each interval, lymphocytes were
pulsed with [35S]methionine, washed, and lysed for analysis by
SDSPAGEautoradiography. Fig. 2 shows samples pulsed from
4 to 6 h. No influenza virus proteins could be detected in lysates
from purified lymphocyte populations after exposure to HINI
(shown in Fig. 2), or H2N2, or H3N2 strains of influenza virus,
with lysates from lymphocytes exposed at multiplicities of in-
fection varying from 0.1 to 10 (data are shown in Fig. 2 for MOI
= 1.0). The addition of trypsin to the medium during exposure
of lymphocytes to virus (8, 9) had no effect on lymphocyte in-
fectivity.

The data suggested that, while purified preparations of hu-
man macrophages exposed to influenza A virus in vitro produced
new viral antigens, purified lymphocytes similarly exposed did
not. Previous studies, however, had demonstrated surface viral
antigen expression, using immunofluorescence assays, by both
lymphocytes and macrophages (exposed as unseparated mono-
nuclear leukocytes) in vitro (5) and possibly in vivo (1 1, 12).
Therefore, we considered the possibility that the presence of
macrophages might be a necessary prerequisite for influenza virus
infection, viral protein synthesis, and surface antigen expression
by autologous lymphocytes. In subsequent experiments, unsep-
arated mononuclear leukocytes were exposed to influenza virus,
washed and reincubated (unseparated) for 4 h, and then purified
lymphocytes (> 99.5%) were obtained by elutriation. After sep-
aration, the purified lymphocytes were pulse-labeled (2 h) with
[35S]methionine, and cell lysates analyzed as before by SDS
PAGEand autoradiography. Results from these experiments
demonstrated synthesis of influenza virus proteins by lympho-
cytes, exposed in the presence of macrophages to infectious virus,
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Figure 1. (a) Autoradiograms of purified human peripheral blood-de-
rived monocytes-macrophages (sham-exposed, Clanes) or exposed (V
lanes) to influenza A/AA/Marton/43 HI N 1 at a multiplicity of infec-
tion of 1.0. Each lane represents lysates from 2 X 106 cells. Cells were
pulsed, for the indicated intervals after exposure to virus, with
[35Sjmethionine. (b) Immunoprecipitation of lysates from either sham-
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exposed (control, C lanes) or influenza virus-exposed (V lanes) mono-
cytes-macrophages, using goat polyclonal antisera directed against
subtype-specific HA (H 1), NA (N 1), and M. Lysates were derived
from cells pulsed 4-6 h after sham-exposure or exposure to the HIN 1
influenza virus strain. Some cross-reactivity between antisera for the
different influenza proteins was noted.
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Figure 2. Autoradiograms showing representative results from control
(C lanes) sham-exposed and influenza virus-exposed (V lanes) lympho-
cytes obtained by three different techniques, as described in the text.
Lanes 1 and 2, lysates from lymphocytes obtained by sequential deple-
tion of adherent cells by passage and culture in plastic dishes; lanes 3
and 4, lymphocytes obtained by adherence followed by passage of
nonadherent cells through nylon wool; lanes 5 and 6, lymphocytes ob-
tained by countercurrent centrifugal elutriation; and lanes 7 and 8, ly-
sates from sham-infected (control, Clanes) and influenza virus-in-
fected (V lanes) macrophages for comparison.

and subsequently separated by countercurrent centrifugal elu
triation (Fig. 3 a).

A variety of soluble factors produced by macrophages it
response to viral infection (e.g., interferon-a and IL-1) are knows
to be induced by influenza virus (3, 4); such factors can hav4
profound effects on lymphocyte growth and differentiation. We
sought to determine whether soluble factors produced by un
infected or influenza virus-infected macrophages would be suf
ficient to permit infection of, and subsequent virus antigen syn
thesis by, macrophage-depleted lymphocytes. Cell-free super
natant fluids from control or influenza virus-infected purifies
macrophages were collected 6 h after infection, the interval afte
infection at which maximal influenza protein synthesis had bees
noted in both macrophages and lymphocytes. In addition, su
pernatant fluids from influenza virus-exposed purified macro
phages were collected from 0 to 2 h, from 2 to 4 h (fresh mediun
substituted after 2 h), and from 0 to 4 h after infection. The
fluids from -the virus-infected macrophages contained boti
IL-1 and interferon activities, measured using standard tech
niques (3, 4) (data not shown). Purified normal autologous lym
phocytes, collected by elutriation, were suspended in the mac
rophage-derived supernatant fluids, immediately exposed to in
fluenza virus, incubated for 4 h, and pulse-labeled. Cell synthesi
was analyzed as before using SDSPAGEand autoradiograph)
No new influenza virus proteins were detected in lymphocyte
incubated with any of the supernatant fluids derived from eithe
influenza virus-exposed (Fig. 3 b shows results using fluid co]
lected at 6 h) or sham-exposed macrophages (data not shown)

a c v c v b c v c v Figure 3. (a, lanes 1-4) Autoradio-

'wow
grams of purified human lymphocyte

w.U sham-exposed (control, C lanes) or e:
posed (V lanes) to influenza virus. In
fluenza viral HAand NA/NP synthe

a 4 sis by lymphocytes, 4-6 h after expo.
sure to influenza A/AA/Marton/43

§lFa-HA -HA HINI in the absence (lanes I and 2)
or presence (lanes 3 and 4) of mono-
cytes. The purified lymphocytes (ob-

NA! NP NA/ NP tained by elutriation) and unseparate$.i - ~~~~A4/NP mononuclear leukocytes (lymphocyti
plus monocytes) were sham-exposed
or exposed to virus for I h, washed,
and reincubated for 4 h. Cells were
rapidly chilled to 4VC, and purified
(> 99.5%) lymphocytes were obtaine
by elutriation. Purified lymphocytes
were then pulse-labeled for 2 h with
["Simethionine, lysed with detergent
buffers, and analyzed by SDSPAGE
(b, lanes 5-8) Absence of influenza v
rus protein synthesis in elutriation-pi
rified lymphocytes sham-exposed (C
or exposed (V) to influenza virus.
Lymphocytes were incubated with
cell-free supernatant fluids derived
from influenza virus-infected macro
phages, immediately exposed to viru
and assayed for protein synthesis
(lanes S and 6). Data are shown for

2 3 4 5 6 7 8 lymphocytespulsedfrom 4-6 haftei
sham-exposure (C lanes) or exposure

(V lanes) to influenza virus in the presence of the macrophage-derived supernatant fluid. Lanes 7 and 8, protein synthesis by control (C lanes) an(
infected (V lanes) macrophages for comparison.
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Discussion

The facilitation of influenza virus infection of human lympho-
cytes by autologous macrophages represents a novel accessory
cell function for monocytes-macrophages. Our findings may be
analogous to previous reports detailing a requirement for ac-
cessory cells, bearing class II histocompatibility (MHC) antigens,
for T-lymphocyte proliferative responses to both soluble antigens
(13, 14), and mitogens (15-18). In a recent study (19), a complete
lymphocyte proliferative response to the mitogen phytohemag-
glutinin (PHA) could be achieved only in the presence of mac-
rophages; addition of macrophage-conditioned supernatant fluids
with lymphocyte-activating factor (IL- 1) activity, or purified IL-
1, led only to partial reconstitution of lymphocyte proliferative
responses. The current data suggest that cell-free supernatant
fluids from influenza virus-infected macrophages can not per
se promote viral protein synthesis by autologous virus-exposed
lymphocytes; the data suggest that another, currently undefined,
interaction between macrophages and lymphocytes is necessary.
The current studies, using autologous leukocytes, do not indicate
whether identity of class II MHCantigens is required. In addition,
these results do not exclude the possibility that labile factors,
elaborated by the macrophages and effective only at very short
range, play a role in influenza virus infection of lymphocytes
within the microenvironment.

Several studies (20-22), using both light and scanning elec-
tron microscopic techniques, have observed that direct physical
interaction between antigen-pulsed macrophages and antigen-
specific T lymphocytes occurs in culture within 4 h and is critical
for the subsequent activation of the lymphocytes. Wesuspect
that similar cell-cell interaction may permit transfer of influenza
virus RNAfrom macrophage to lymphocyte, either directly via
the broad base observed in macrophage-lymphocyte clusters
(20), or indirectly via macrophage endocytosis of virus followed
by as yet undefined internal handling events (23), recycling of
part or all of the virus genome to the cell surface, and subsequent
transfer to the adjoining lymphocyte, possibly via endocytosis
by the lymphocyte of its own histocompatibility class II (24) and
virus-occupied influenza virus receptor. Others have shown, by
electron microscopic autoradiography, transfer of radiolabeled
RNA from normal murine macrophages to autologous lym-
phocytes, with transfer enhanced by exposure of the lymphocytes
to endotoxin-stimulated radiolabeled macrophages (25). The
current data do not exclude the possibility that cell-to-cell transfer
of influenza virus does not occur, but that virus infection of
lymphocytes is the result of direct infection of the lymphocyte,
which is facilitated in some other way by the presence of adjacent
macrophages. However, the viral proteins described in these
studies were not merely input proteins, processed and transferred
from macrophages to lymphocytes. After infection in the pres-
ence of macrophages, subsequent synthesis of viral proteins oc-
curred in purified lymphocyte preparations from which the
macrophages had been removed. Thus, viral RNAcan be as-
sumed to have been present in the lymphocytes.

The expression of influenza virus HA, NA, and Mon the
surface of both unstimulated peripheral blood monocytes and
lymphocytes, infected together in culture, was demonstrated
previously using polyclonal antisera (5). The use of such im-
munofluorescent techniques did not exclude the possibility that
input virus antigens were merely processed and expressed without
new antigen synthesis. The current studies extend those obser-
vations and demonstrate that the expressed influenza virus an-

tigens do represent products of new synthesis by both monocytes
and lymphocytes, and further demonstrate a critical requirement
for human monocytes in permitting influenza A virus infection
of autologous human lymphocytes.

The surface expression of viral antigens by lymphocytes,
perhaps coupled with histocompatibility determinants, might
be expected to provide an effective stimulus for the activation
of influenza virus-specific effector cells, such as cytotoxic T-
lymphocytes. Infection of local and/or circulating immune cells
by viruses may stimulate production of interleukins, interferons,
and other immunoregulatory mediators that may be important
for amplification and regulation of host antiviral defense. Because
the normal course of events is recovery from, and immunity to,
homotypic influenza virus, without substantial sequelae, it may
be reasonable to assume that macrophage facilitation of lym-
phocyte infection represents a component of the immune defense
of the host. This would provide an additional basis for our rec-
ognition of the importance of macrophage-lymphocyte clusters
in the generation of antigen-specific immune responses (26). It
remains to be determined whether macrophage facilitation of
virus infection of lymphocytes is a general phenomenon, in-
volving other viruses in addition to influenza.
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