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Human parainfluenza virus type 3 (HPIV3) is a major respiratory pathogen in humans. Failure to induce
immunological memory associated with HPIV3 infection has been attributed to inhibition of lymphocyte
proliferation. We demonstrate that the inability of mixed lymphocytes to respond to virally infected antigen-
presenting cells is due to an interleukin-2-dependent, nonapoptotic mechanism involving natural killer (NK)
cells and their influence is exerted in a contact-dependent manner. These results suggest a novel regulatory
mechanism for NK cells during HPIV3 infection, offering an explanation for viral persistence and poor memory

responses.

Human parainfluenza virus type 3 (HPIV3) is a major
respiratory pathogen responsible for pneumonia, croup, and
bronchiolitis in infants and children (7, 9, 13). Reinfection is a
common occurrence (13, 15). This clinical characteristic is dis-
tinct from infection with most viral infections, such as measles,
mumps (15), and subtype-specific influenza (6), which, in most
cases, result in lifelong immunity against reinfection with the
same strain. Even in the presence of circulating neutralizing
antibodies, individuals have been shown to be susceptible to
reinfection (3). This feature of HPIV3 has resulted in failure to
design an effective vaccine against this major pathogen. It has
been suggested that HPIV3 can reinfect and persist in a human
host due to its ability to inhibit T-cell proliferation (12, 15).
However, mechanisms underlying this reduced proliferating
capacity remain poorly defined (12, 15, 16). In this study, we
investigate the role of NK cells in T-cell proliferation during
HPIV3 infection and describe a novel control mechanism in-
volving NK cells, a population largely overlooked in the milieu
of human immune regulation.

It has been shown that HPIV3 inhibits proliferation in anti-
CD3 activated peripheral blood mononuclear cell (PBMC)
cultures (15). We examined the influence of the cell subsets in
the PBMC:s on the ability of HPIV3 to inhibit T-cell prolifer-
ation. To explore the role of antigen-presenting cells (APCs),
we investigated proliferation of mixed lymphocytes or purified
CD3™" T lymphocytes to allogeneic HPIV3-infected APCs.

CD14" monocytes were purified from PBMCs (obtained
from buffy coats of healthy donors from the Irish Blood Trans-
fusion Service) to >90% using an antibody/magnetic cell sorter
(MACS) magnetic bead separation protocol. These cells (2 X
10°/ml) were cultured in RPMI (with 10% fetal calf serum, 1%
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L-glutamine, and 1% penicillin/streptomycin) and were un-
treated (medium), treated with tumor necrosis factor alpha
(TNF-a) (as a positive stimulus), infected with HPIV3 (50%
tissue culture infective dose [TCIDs,)/ml of 6) or influenza
virus (a respiratory virus associated with acute rather than
persistent infection [TCIDsy/ml of 7]) for 2 h at 37°C. Cells
were washed and irradiated. To ensure cells incubated with
virus were indeed infected, we identified expression of HPIV3/
influenza virus nucleoprotein (NP) through reverse transcrip-
tase PCR in the relevant cells (data not shown). CD14™~ mixed
lymphocytes or CD3™" T cells were isolated from a different
donor using appropriate MACS separation columns. Mixed
lymphocytes or CD3™ T cells (2 X 10%ml) were added to the
infected or treated CD14 ™" cells described above and incubated
at 37°C for 5 days. Additional mixed-lymphocyte or T-cell-
APC cocultures were activated with phorbol myristate acetate
(PMA) and anti-CD3 as a positive control. Proliferation was
evaluated using a [*H]thymidine assay, by adding 2.5 p.Ci/well
[*H]thymidine to the cocultures for the last 5 h of incubation.
Cells were harvested onto filter mats and analyzed on a scin-
tillation counter. Human interleukin-10 (IL-10), IL-2, and
gamma interferon (IFN-y) enzyme-linked immunosorbent as-
say kits (R&D) were used to quantify cytokine levels in super-
natants.

We have previously demonstrated strong maturation of
APC:s to IFN-like dendritic cells (DCs), following HPIV infec-
tion, as indicated by the presence of CD83, CD40, CDS80,
CD86, and major histocompatibility complex class II markers
(10). In keeping with an earlier study (15), we found HPIV3-
infected APCs failed to induce allogeneic lymphocyte prolif-
eration compared with influenza virus-infected, TNF-a-
treated, or unstimulated CD14 " cells. Strikingly, proliferation
of CD3™ purified T cells cultured with HPIV3-infected APCs
was not lower than those observed with influenza virus-in-
fected or TNF-a-treated samples (Fig. 1A), indicating that a
cell subtype in the CD14™ mixed lymphocytes had a role in
HPIV3 inhibition of T-cell proliferation.
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FIG. 1. Mixed-lymphocyte and purified CD3 T-cell proliferation
and IL-10 cytokine profiles. Mixed lymphocytes were cultured with
medium alone, with allogeneic APCs alone, with APCs plus TNF-q,
with APCs infected with HPIV3, with APCs infected with influenza
virus (Flu), or with PMA and anti-CD3 (aCD3) alone. (A) Prolifera-
tion profiles of mixed lymphocytes or purified T cells cocultured with
APCs. #, P < 0.05. (B) IL-10 levels in supernatants from mixed lym-
phocytes or purified T cells cocultured with APCs. *, P < 0.05.

In contrast to previous studies (15, 16), IL-10 was not sig-
nificantly induced in lymphocytes stimulated by HPIV3-in-
fected APCs compared to influenza virus infection or TNF-a
treatment (Fig. 1B). These results suggest that failure of lym-
phocytes to proliferate to HPIV3-infected DCs is not due to
IL-10 but also points toward the presence of a regulatory group
of cells in the mixed-lymphocyte population. To investigate
this, we isolated CD3~ CD14~ cells and restored them to the
CD3" cocultures. Addition of these cells significantly reduced
CD3™" T-cell proliferation in HPIV3-infected cells (Fig. 2A).
This was not observed in TNF-a-treated or influenza virus-
infected cells (data not shown). To establish if this interaction
was contact dependent, we repeated the experiments using
transwells. CD14" monocytes were cultured with allogeneic
CD14™ CD3" cells in the upper chamber of an eight-well strip
insert with 0.2-pm pores on a 96-well plate. In the lower cham-
ber, 1 X 10° CD3™" T cells were cultured with 1 X 10* mono-
cytes. Cultures were incubated for 5 days and analyzed for
proliferation levels as described previously.

Separation of the cells restored T-cell proliferation (Fig.
2B). These results suggest inhibition of T-cell proliferation is
not due to regulatory cytokines but to a contact-dependent
mechanism by the CD3~ CD14  cell population in the lym-
phocyte culture.

Earlier studies suggested HPIV3-induced apoptosis of APCs
may have a role in poor memory response to HPIV3 (12).
However, in a recent study we observed considerably lower
levels of apoptotic cells induced by HPIV3 infection of CD14™*
monocytes compared with HPIV3 infection of IL-4-generated
APCs (10). Consistent with this, allogeneic mixed lymphocytes
cocultured with HPIV3-infected CD14™" cells did not demon-
strate significant apoptosis compared to influenza virus-in-
fected cultures (Fig. 3A). One reason for the contrast between
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FIG. 2. Inhibition of lymphocyte proliferation is mediated by
CD14~ CD3™ cells in a contact-dependent manner. (A) Purified T
cells were cocultured with medium alone, with allogeneic APCs in-
fected with HPIV, with APCs infected with HPIV, and with CD14~
CD3™ cells. Results are representative of three experiments. aCD3,
anti-CD3; FLU, influenza virus. *, P < 0.05. (B) In the same set of
experiments using the same donor cell population as for panel A, T
cells were cocultured with APCs and CD14~ CD3" cells in transwells
alone, with TNF-«, with HPIV3, or with influenza virus. Results are
representative of three experiments.

our findings and those of a previous study (12) is that we used
directly infected monocytes, while they used artificially gener-
ated IL-4-producing DCs. We have recently shown that artifi-
cially generated DCs skew immune responses to infections.
Furthermore, we have demonstrated that artificially generated
IL-4 DCs were more susceptible to apoptosis than directly
infected monocytes or IFN-a DCs (10).

As IL-2 is a crucial growth factor for T cells (5), levels of this
cytokine in supernatants of HPIV3-infected DC-allogeneic
mixed-lymphocyte cocultures were examined. We found lym-
phocyte IL-2 production was severely impaired in HPIV3-in-
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FIG. 3. Inhibition of lymphocyte prohferatlon is not mediated by apoptosis but is dependent on IL-2. (A) Apoptosis of mixed lymphocytes was
measured by annexin V-propidium iodide staining 5 days post-coculture with allogeneic APCs with medium alone, with TNF-a, with HPIV3, or
with influenza virus. Lymphocyte populations were gated, and percentages of early and late apoptotic cells are shown in the lower right quadrant
and upper right quadrant, respectively. Results are representative of three experiments. (B) IL-2 levels in the supernatants from cocultures
described above. FLU, influenza virus. *, P < 0.05. (C) Lymphocyte proliferation with APCs with medium alone, with APCs plus TNF-«, with
APCs plus HPIV3 (PIV), or with HPIV3-infected APCs with IL-2. %, P < 0.05.

fected cocultures compared to influenza virus or TNF-a sam-
ples (Fig. 3B). Moreover, addition of IL-2 to these cultures
restored the proliferating capacity of these cells (Fig. 3C),
emphasizing the essential role of IL-2 in T-cell proliferation
during HPIV3 infections.

The CD14~ CD3" populations consist of a heterogenous
group with CD19" (B cells) and CD56" (NK cells) predomi-
nating. We examined surface markers from uninfected and
HPIV3-infected CD3~ CD14 " cells to assess variations in the
phenotypic profiles from different cell populations. The only
difference observed between uninfected and infected cells was

an upregulation of the NK lineage marker, CD56, from the
HPIV3-infected cells (data not shown).

In humans, several autoimmune disorders such as multiple
sclerosis, rheumatoid arthritis, and systemic lupus erythemato-
sus are associated with decreased NK activity (4, 8, 14). Other
reports have demonstrated that NK cells, particularly those
high in CD56, play a role in the regulation of T cells (2, 17).
Therefore, we investigated the potential of NK cells to inhibit
T-cell proliferation from the HPIV3-infected cocultures. Ad-
dition of these CD56™ NK cells to purified CD3* T-cell co-
cultures significantly reduced T-cell proliferation from HPIV3-
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FIG. 4. NK cells reduce proliferation of purified CD3™ T cells from
HPIV3-infected cocultures. Purified T cells were cocultured with me-
dium alone, with APCs and NK cells alone or with TNF-a, with HPIV3
(PIV), or with influenza virus (FLU), or T cells were treated with PMA
and anti-CD3. Results are representative of two experiments. *, P <
0.05.

infected cocultures compared to influenza virus-infected, TNF-
a-treated, or untreated cocultures (Fig. 4). This effect was not
observed following addition of purified CD19™ cells (data not
shown). These results strongly suggest that NK cells from this
CD3™ CD14" population play a role in T-cell inhibition from
HPIV3-infected mixed-lymphocyte cocultures. To further in-
vestigate this, we examined the cell cycling of T cells by pro-
pidium iodide staining. This identified that T cells are retained
in the G,/G; phase of the cell cycle in HPIV3-infected cultures
compared to influenza virus-infected, TNF-a-treated, or un-
treated cells. Normal cell cycle status is restored to these cul-
tures following NK depletion (data not shown).

This study has identified that the failure of HPIV3 to induce
T-cell proliferation in allogeneic cocultures can be restored by
purification of the CD3" T cells from the mixed-lymphocyte
population. We have also demonstrated that the inability of
mixed lymphocytes to respond to virally infected DCs was
dependent on IL-2 levels and not due to the induction of
apoptosis. Finally, we show that the NK cells in the CD14™
CD3™ component of the mixed lymphocytes are responsible
for the inhibition of T-cell proliferation and their influence is
exerted in a contact-dependent manner. Current thinking on
immune regulation suggests that, in addition to the control of
responses to self, regulatory mechanisms exist which limit col-
lateral damage during infection and that this response often
comes with inappropriate immune activation, resulting in
chronic or persistent infections (1, 11). We hypothesize that
NK cells regulate proliferation of overactive T cells. This pre-
vents bystander immune activation and limits immune damage,
the ultimate price being viral persistence and poor memory
responses. These findings demonstrate immune regulation by
NK cells during viral infection, revealing the complex human
immune response to danger. Furthermore, these findings sug-
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gest that this mechanism may be more widely employed by
other immunosuppressive viruses, as a means of subverting
immune responses.
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