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Exposure to 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) Suppresses
the Humoral and Cell-Mediated Immune Responses to Influenza A
Virus without Affecting Cytolytic Activity in the Lung
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The immune response to influenza virus is exquisitely sensitive to
suppression by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD); how-
ever, the cellular mechanisms underlying the suppressive effects of
TCDD are unknown. Mice exposed to TCDD exhibited a dose-
responsive increase in mortality following an otherwise non-lethal
influenza virus infection. Given that cytotoxic T lymphocytes (CTL)
are generally thought to resolve primary infections in the lung, we
tested the hypothesis that exposure to TCDD suppresses T-cell re-
sponsiveness, leading to decreased CTL in the lung. After infection
with influenza virus, naive CD8"* lymphocytes are activated and
differentiate in the mediastinal lymph node (MLN). In mice exposed
to TCDD and infected with influenza virus, the number of CD8"
MLN cells was reduced 60% compared to vehicle-treated mice. More-
over, MLN cells from TCDD-treated mice failed to develop cytolytic
activity, and the production of interleukin (IL)-2 and interferon
(IFN)-vy was suppressed. Exposure to TCDD also altered the produc-
tion of virus-specific antibodies, decreased the recruitment of CD8"
cells to the lung, reduced the percentage and number of bronchoal-
veolar lavage cells bearing a CTL phenotype (CD8*CD44"CD62L'"°),
and suppressed IL-12 levels in the lung. Despite our findings that
exposure to TCDD suppressed T cell-dependent functions, the cyto-
lytic activity of lung lavage cells from TCDD and vehicle treated mice
was equivalent, and IFN+y levels in the lungs of mice treated with
TCDD were enhanced 10-fold. Thus, while exposure to TCDD sup-
pressed a number of responses associated with the development of
adaptive immunity to influenza virus, a direct link between these
effects and enhanced susceptibility to influenza remains unclear.

Key Words: dioxin; lymphocyte; mouse; pulmonary; lymph
node; immune suppression; host resistance; anti-viral immunity;
cytokine.

The immune system is recognized as one of the most s
sitive targets for the toxicity of the environmental contamina
TCDD. In fact, the decreased host resistance observed in mice
following influenza virus infection and exposure to TCD
represents the most sensitive adverse effect of TCDD repor

n

to date (Burlesoret al, 1996; Houseet al. 1990). However,
few studies have been performed to determine the mechanism
by which exposure to TCDD causes this enhanced mortality,
and the effects of TCDD on the development of protective
immunity following in vivo infection with influenza virus have
not been determined. While the direct cellular targets and
specific immunotoxic mechanisms of TCDD are unknown, the
toxicity of TCDD is initiated when it binds to an intracellular,
ligand-dependent transcription factor, the aryl hydrocarbon
receptor (AhR). The toxicity of individual AhR ligands corre-
lates directly with AhR binding affinity (Goldstein and Safe,
1989; Whitlock, 1993). Of the known AhR ligands, TCDD
exhibits the highest binding affinity, making it the prototype
and most toxic ligand of the AhR.

While the precise mechanism of immunotoxicity remains
unclear, exposure of mice to TCDD suppresses both humoral
and cell-mediated immune responses to a variety of antigens
(reviewed by Kerkvliet 1998). Numerous studies have shown
thatin vivo exposure to TCDD specifically leads to the dose-
dependent suppression of T lymphocyte function, including
proliferation, differentiation, cytokine production, and T cell-
dependent B-cell responses (Kerkvigtal, 1990, 1996; Lund-
berget al, 1992; Neumanret al, 1993; Prellet al, 1995;
Tomar and Kerkvliet, 1991). The immune response to influ-
enza virus is T-cell dependent, relying on the activation of both
CD4" and CD8 T lymphocytes. Following virus entry and
infection of lung epithelial cells, antigen-presenting cells
(APC) migrate to the regional lymph nodes, where they present
viral antigens and activate virus-specific T lymphocytes. CD4
T cells produce cytokines such as interleukin (IL)-2 and inter-
feron (IFN)-y, which drive both B-cell activation and the

e -

ctonal expansion and differentiation of CDS cells, leading

to the creation of virus-specific cytotoxic T lymphocytes (CTL)
nd neutralizing antibodies. Following activation and differen-
{ia&ion in the lymph node, CTL migrate to the lung and Kkill

ed . . X .
virus-infected cells. Based on numerous studies using athymic
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virus is resolved by the contact-dependent cytolytic activity of
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CDS8' T Iymphocytes (Allanet al, 1990; Baumgarthgt al, sedimentation and the cells were enumerated using a Coulter Counter. MLN

1994: Eichelbergeet al. 1991: Lukacheet al. 1984: Topham cells were either used immediately for analysis by flow cytometry or were
ot al ' 1997: Yapet al ’1978), ' ' transferred to cultures for re-stimulation. Feorvivore-stimulation, MLN cells

. . . . (2 x 10° were suspended in RPMI 1640 containing 10% FBS, 2 mM
Given the importance of T cells in the clearance of influenzagytamine, 1 mM sodium pyruvate, 5g/mi gentamicin, and 5QuM

virus and the sensitivity of T cells to perturbation by exposuremercaptoethanol, and were incubated at 37°C for 24 h or 5 days withaf

to TCDD, we hypothesized that decreased host resistancentigenza virus-infected, irradiated antigen-presenting cells (DC2.4 dendritic
influenza virus is due. at least in part, to suppression of cglls; a gift from Dr. Ken Rock, Dana Farber Cancer Institute, Boston, MA).
cell-dependent adaptive immunity. To test this, we examined=TL assay. Influenza virus-specific cytolytic activity was assessed using a

: dard 5-h'Cr-release assay, as described by Nomacd. (1992). Briefly,
whether exposure to TCDD suppresses the expansion % cells or ex vivo re-stimulated MLN cells were incubated withCr-

CytOIyUC activity of T cells in the reglonal Iymph node, and WEFabeIed, influenza virus-infected MC57G fibroblasts at E:T ratios from 100:1 to
measured the production of influenza virus-specific antibodigss:1. Released radioactivity was measured after a 5-h incubation at 37°C.
and cytokines that are important for the differentiation antbtal releasabl&Cr was determined by lysing target cells with 0.5% SDS, and
proliferation of T cells. Additionally, we examined TCDD_spont_a}neOL_Js reI_egse was obtained by incubating target cells in media only.
induced alterations in the pulmonary immune response to fRecific Ivtic activity was calculated as follows:

fection with influenza virus, including cellular recruitment to

the lung, cytolytic activity, and production of IFNand IL-12. % cytotoxicity = Perimental release naive release | | )
maximum release- Spontaneous release ’

MATERIALS AND METHODS . . )
Control experiments were performed to validate that the observed cytolytic

Animals. C57BI/6 mice were obtained from The Jackson Laboratory (Ba{‘}Ct'V'tY is Speﬁlflc for cells infected with influenza virus. No killing of

; N ) e mock-infected,”Cr-labeled MC57G cells was observed.

Harbor, ME). Mice were housed in microisolators in a specified pathogen-free i ] ) ]

facility at Washington State University and were provided food and weder ~ Immunophenotypic analyses. Freshly isolated cells were incubated with

libitum. Female mice were used in experimental studies at 7 to 9 weeks-of-apfgviously determined optimal concentrations of fluorochrome-conjugated an-

Mice were sacrificed, either by an ip dose of Avertin (2,2,2-tribromoethandipodies. Appropriately labeled, isotype-matched immunoglobulins were used

or CO, asphyxiation, at various times after infection with influenza virus. as controls for non-specific fluorescence. The following were used as primary

TCDD exposure. TCDD (Cambridge Isotope Laboratories, Inc Wobumantibodies: Tricolor-labeled anti-CD8a, FITC-labeled anti-CD44, PE-labeled

MA) was dissolved in anisole and diluted in peanut oil tag/ml. Mice were anti-vg8.3 from Caltag Laboratories (Burlingame, CA); and FITC-labeled

. . ] anti-CD4, FITC-labeled anti-98.3, and PE-labeled anti-CD62rom Phar-
given a single oral dose of 1, 5, or 1@/kg body weight by gavage one day _ . ’ . ’
prior to infection with influenza virus. Control mice received peanut oil-anisol IR%(;Ze(ﬁsaEyDIiI:?n?(’)c(i::;cgjit;t\ilg)ireug?r:I::iifé%rzazrﬁl%(\i\?t:(xggé tc;rr:tggggg
vehicle in the same manner as described above. ; ' .
. ) ] . _Dickenson, San Jose, CA). Dead cells, clumps, and debris were excluded from

Influenza virus. - Influenza virus (A/HKx31; H3N2) was received as a gift, o ysis, using a combination of forward angle and 90° light scatter and
from Dr. Michael Coppola (Argonex, Charlottesville, VA). A/lHKx31 is aponidium iodide exclusion. Data were analyzed using WinList software
murine-adapted recombinant strain that bears the internal components(\;gity Software, Topsham, ME)
A/PR8/34 (H1N1) and the external components of A/Aichi (H3N2). A/HKx31 i ' ' ’ o )
was propagated according to methods described by Barrett and Inglis (1985P'ﬁerem'a| cell analyses. BAL cells from individual animals were trans-

Briefly, viable fertilized chicken eggs (Spafas, Preston, CT) were inoculatg?_fred to micro;cope slide_s using a cytological cen_trifu_g‘e, and were stained
with 0.05 hemagglutinating units (HAU) influenza virus in 19Dof Hanks with hematoxylin and eosin (LeukoStat; Fisher Scientific, Pittsburgh, PA).

balanced salt solution, 10 mM HEPES, on gestational day 10. Infected edfignocytes/macrophages, neutrophils, or lymphocytes were enumerated by
were incubated for 48 h at 37°C followed by refrigeration overnight at 4° ifferential counts of 200 cells on coded slides.

Under aseptic conditions, allantoic fluid was harvested, centrifuged, and im-Cytokine analyses. Cytokines were analyzed using matched antibody
mediately frozen at —80°C until just prior to use. The titer of the allantoic fluigairs in a sandwich enzyme-linked immunosorbant assay (ELISA). ELISA
was determined by hemagglutination of avian erythrocytes. Mice were intigagents were supplied by the following sources: IL-2 anchiARharMingen
nasally infected under anesthesia (Avertin) with 120 HAU influenza virus in ¥8an Diego, CA); IL-12, R&D Systems (Minneapolis, MN), and Genzyme
wl of allantoic fluid. One HAU of influenza virus is defined as the amount dpiagnostics (Cambridge, MA). ELISAs were conducted according to the
virus that agglutinates 50% of the erythrocytes when a solution containifganufacturers’ recommended protocols.

virus and a 0.5% solution of erythrocytes are combined in equal volumes.  Antibody analyses. Influenza virus-specific antibody levels were analyzed

Collection and preparation of bronchoalveolar lavage (BAL) cellsA  using a stacking ELISA. Purified influenza virus 31, Spafas, Preston, CT)
catheter attached to a 1-ml syringe was inserted into an incision in the trackess bound to 96-well plates. A volume of 10of each sample (e.g., plasma)
immediately posterior to the larynx. The respiratory tract was washed witvas added to the ELISA in 4-fold serial dilutions from 1:25 to 1:25,600.
RPMI 1640 containing 1% BSA and 10 mM HEPES using 3 separate 1-Mehicle- and TCDD-treatment groups were compared at a plasma dilution in
aliquots, each of which was infused and withdrawn 3 times. Cells wewich both groups were in the linear range of absorbance. Anti-isotype-
enumerated using a Coulter Counter (Beckman Coulter Corp., Miami, Flspecific antibodies (Southern Biotechnology Associates, Inc., Birmingham,
Isolated BAL cells were used immediately for assessment of cytolytic activithL) were used to assess specific isotypes, according to the manufacturer’s
differential cell staining (Leukostat; Fisher Scientific, Santa Clara, CA), secommended procedure.

were stained for flow cytometric analysis. Statistical analyses. The results presented are representative of at least 3

Collection and preparation of mediastinal lymph node (MLN) cellsSin-  to 5 independent experiments. Statistical analyses were performed using Stat-
gle-cell suspensions were prepared under aseptic conditions by pressing batv (version 4.01, Abacus Concepts, Berkeley, CA). Using a one-way
MLN from a single animal between the frosted ends of 2 microscope slidédNOVA, followed by post hoctests (Fisher PLSD), differences between
MLN cells were suspended in cold RPMI 1640 containing 2.5% FBS (Hyndependent variables were compared over time and between each treatment
clone, Logan, UT) and 10 mM HEPES. Cellular debris was removed kgroup. Differences were considered significant wpemas less than 0.05.
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re-stimulation, isolated MLN cells from infected animals pro-

— ALl o . u * duce IL-2 and IFN (Allan et al, 1990; Baumgarttet al.,

i @ - 1997; Flynnet al, 1998; Hennett al, 1992). Using these

E Kt | ‘ indicators, we tested the hypothesis that exposure to TCDD

= » [ ‘ suppresses T-cell responsiveness to influenza virus. In vehicle-

L L treated mice, no significant changes in T-cell number or cyto-

= [ | L ] kine production were detected in the MLN prior to day 5

ol {1 post-infection. However, after 5 days, there was an increase in

A the number of CD4 and CD8 MLN cells (Figs. 2A and 2B),

N Fy and both IL-2 and IFN were detected in supernatants of

re-stimulated MLN cells (Figs. 2C and 2D). These changes
were much less pronounced in MLN cells from TCDD-treated

i}

! r mice. On day 9 post-infection, TCDD-treated mice exhibited a

T T
{¥pp [ g A e L1} pg 2.5-fold decrease in the number of CD4nd CD8 MLN
TCDD Dose (per kg Budy weight) cells, a .2—fold decrease in IL-2, and a 3-fold decrease imFN
production by MLN cells, as compared to cells from vehicle-
FIG. 1. Exposure to TCDD dose-dependently increases mortality follovireated mice.

ing infection with influenza virus (A/HKx31). Female C57BI/6 mice were .
gavaged with TCDD at the indicated dose one day prior to intranasal infection Exposure to TCDD decreases CTL activity of MLN cells and

with influenza virus (120 HAU). Symbols represent individual experimen@/ters the plasma antibody profile.Consistent with the idea
(initial treatment size for each experiment was 6-10 mice per group). THeat TCDD causes an overall suppression of T-cell function,

following number of experiments are shown for each treatment groyny O we tested whether exposure to TCDD impairs virus-specific
TCDD, 10; 1ug TCDD, 3; 5ug TCDD, 4; and 1Qug TCDD, 8 experiments.

RESULTS ALt eclls B. CD¥ T eullx
Exposure to TCDD dose-dependently increases mortalit 1+ T 79
after infection with influenza virus.Previous studies of the "« | s C g
effects of TCDD on host resistance to influenza virus used &
lethal challenge of influenza A (Burles@t al., 1996). In the = =734 = A
present study, we challenged mice with a dose and strain ¢} . .. | 13
influenza virus, A/HKx31, which typically does not cause L7171 B N

mortality in infected animals. Nevertheless, we found that ] 15 T L I T
infection with influenza and exposure to TCDD (1-18/kg

] ‘ ) ) ) Fvite pursk inlaclicn
body weight) resulted in a dose-dependent increase in mortality

following intranasal infection (Fig. 1). When observed, mor- C.-2 _"' oLl

tality varied widely between experiments at equivalent doses of w1 T fidH) = T
TCDD. For example, in 2 out of 8 experiments, no mortality = . L —

was observed in infected mice exposed todfkg TCDD, 'z, ™' W - *
while in another experiment, 80% of the mice died. It is ** i i o~

important to note that the immunological data we present were *

derived only from mice that survived infection with influenza = I -

virus. In these studies, survival in the vehicle treatment group Loy & Txy H [y 5 M =
was 100% while survival in infected mice treated with TCDD

was 75—-80%. When mortality occurred, mice consistently died
on days 5 through 8 after infection. FIG. 2. Exposure to TCDD suppresses T-cell expansion and cytokine

TCDD treatment decreases Ch&nd CD4" T cell expan production in mediastinal lymph nodes (MLN). Female C57B#/6-(10) mice

. . . . . . were exposed orally to TCDD (10g/kg) one day prior to intranasal infection
sion and CytOkme productlon in the MLNFOllOWII’lg a pri- with 120 HAU influenza virus. Animals were sacrificed on the indicated day

mary infection with influenza virus, the activation, proliferapost-infection and MLN cells were collected. Immunophenotypic analysis was
tion, and differentiation of naive T cells can be measured in tlenducted by flow cytometry to determine the number of CPX) and CD8'
MLN (Baumgarthet al, 1997; Hamilton-Easton and Eichel-(B) T cells in MLN from naive (triangle), vehicle- (circle) and TCDD-treated
berger, 1995; Trippet al, 1995). Specifically, compared to(filled circle) mice. Cytokine production bgx vivore-stimulated MLN cells

. . . was determined using IL-2- (C) and IFRN(D) specific ELISA. Data points
uninfected controls, there is a WeII—dpcumented eXpar‘Slonrgaresent the mearr SEM, and asterisks indicate a significant difference
the number of CD4 and CD8 T cells in the MLN following compared to vehicle groupp(= 0.05). No IL-2 or IFNy was produced by

infection with influenza virus. Furthermore, followirex vivo MLN cells isolated from naive mice.

Chawy poist ilectism
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41 animals. Within 48 h, intranasal infection with influenza virus
resulted in a 10-fold increase in the total number of BAL cells
(Fig. 5A). Exposure to TCDD did not alter the total number of
a0 BAL cells collected on post-infection days 1-5. However,
- exposure to TCDD resulted in a 40% reduction in BAL cell
number on day 9, the time point at which the peak number of
BAL cells was observed in vehicle-treated mice.
To assess whether this decrease in cell number reflects the
-|- ar reduction of a specific cell population or diminution of multiple
Ta cell types, BAL cells were collected over the course of infec-
—i tion and the percentage of macrophages, lymphocytes, and
J_ 1 - * neutrophils was determined by differential cell counts. In un-
Ct T T T T I infected animals, macrophages comprised 95% of the total
LiKY: | 56y | LT 251 4251 BAL cells (Fig. 5B). Within 24 h after infection with influenza
ET RBulio virus, the total number of macrophages increased in vehicle-
treated mice, but the relative percentage of macrophages de-

FIG. 3. Exposure to TCDD decreases MLN cytolytic activity. Mice%  yaa5ad to roughly 60% as neutrophils began entering the lung.
10) were treated as described in Figure 2 and sacrificed 9 days after |nfe3t&)ﬁ infecti ¢ hil d bout 30% of all lav
with influenza virus. CTL activity of MLN cells isolated from vehicle-treate €r infection, neutrophils made up abou o o all lavage

(circle) and TCDD-treated (filled circle) mice was assessed using a standRiIS. In contrast, an increase in lymphocytes was not detected
S!ICr-release assay at the indicated effector:target (E:T) ratios, as describeditil about 5 days after infection, and continued to rise through
Materials and Methods. Data points represent the mea8EM. Asterisks day 9. Exposure to TCDD did not affect the overall percentage
indicate a significant difference compared to the vehicle grqug (0.05). or number of monocytes/macrophages. However, the percent-
age and absolute number of neutrophils in the TCDD-treated
group continued to increase, rising to 50% of all BAL cells on
CTL and antibody responses. We examined the generationggf,s 7 and 8 post-infection. In contrast to the increase in

virus-specific CTL activity by comparing the lytic activity Ofneutrophils, exposure to TCDD caused a 2-fold decrease in the
MLN cells isolated from vehicle- and TCDD-treated micgercentage and number of lymphocytes.
against A/HKx31-infected target cells. Whigx vivore-stim- T

ulated MLN cells isolated from vehicle-treated mice generate(gl].l_ cells into the lung. Based on our observations that

wrus—?ple%lfltc gTL IaCt'V't%/.’ ,'[VIL';I ceslls from TCDD-treated exposure to TCDD diminishes T-cell expansion and CTL ac-
m'ﬁe. aied to evgfc.)pEaLclé\gy( Ig.t ): ined ol ib ({ivity in the MLN and suppresses lymphocyte recruitment to
sing virus-specific - We determined plasma antibogy, lung, we hypothesized that CTL recruitment to the lung

!evels Ofllngi. ng,t IgGZT} lngt;” anccij ItgAi '3” 5 c_)f these would likewise be suppressed. If this were true, we would
IMMUNOGIObUTIN ISOIpes have been delected In mice respo (pect to find alterations in the pulmonary cytokine profile,
ing to infection with influenza virus. All isotypes were detecte

in plasma from vehicle-treated mice 9 days after intranasal
infection with A/HKx31 (Fig. 4). IgM, 1gG, 19G,., and 1gG,

levels in plasma obtained from TCDD-treated mice were de_?
creased 2-fold. However, in contrast to IgM and IgG isotypes;. 1 = -
there was a 4-fold increase in plasma IgA levels in mice treate:ti

with TCDD. In BAL fluid, total IgG levels were suppressed in:;: Iq = - =
mice exposed to TCDD, but there was no difference in thg - T
amount of IgA in BAL fluid from vehicle- and TCDD-treated Z " *
mice (data not shown). =

TCDD alters cellular recruitment to the lung.Given that
we observed a decrease in T-cell expansion, IL-2 andylFN
production, and CTL activity in the MLN, and that CTL are
considered the principal means for viral clearance in a primarygic. 4. Exposure to TCDD alters plasma antibody profile. Mine<( 10)
influenza-virus infection, we examined the effects of TCDD Owere treated as described in Figure 2 and sacrificed on day 9 post-infection.
the pulmonary immune response. Cellular recruitment to tRelative levels of virus-specific plasma antibodies were determined by ELISA,
lung in response to infection was assessed in two ways: ﬁydescribed in Materials and Methods. The mearSEM) antibody level is

. . own for vehicle (white bars) and TCDD (black bars) groups at a plasma
measu”,ng the total number of cells Obtamed. by Iavage and zwmon of 1:6400 for all isotypes except IgA, which is shown at a plasma
differential cell counts of BAL cells. Relatively few cellsgiution of 1:400. Asterisks indicate a significant difference from the vehicle
(<2 x 10°) were recovered in the BAL fluid from uninfectedgroup (p =< 0.05).
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A Falal kAL cell nuniber Having found that exposure to TCDD alters the profile of
cytokines important for a CTL response, we then focused on
the effects of TCDD on T cells and T-cell function in the lung.
As shown in Figure 7A, CD8cells were detected in the lung
beginning 5 days after infection with influenza virus, with both
the percentage and absolute number (numerical data not
shown) increasing steadily through day 9. Exposure to TCDD
A decreased the percentage (and number) of C&#ls in the
. _'I : r _: .'J lung on days 8 and 9 by more than 30% when compared to
' re T |=feepen vehicle controls.

' On day 9, the time point at which CDET cells are found in
. greatest number and percentage, we conducted a more detailed
;9'-— - ' _ - immunophenotypic analysis to identify the influenza virus-

- - 2 . specific subset of CD8T cells. CD8 T cells that bear the
rmprrephage - il vB8.3" T cell receptor (TCR) recognize an immunodominant
" T antigenic peptide of A/HKx31, and represent the majority of
= ] virus-specific CD8 T cells (Deckhutt al., 1993; Townsendt
al., 1986). Therefore, in addition to examining all CD§
cells, we used an anti88.3 antibody to assess the recruitment
of an influenza virus-specific subset. The results obtained from
analysis of CD8V38.3" cells were analogous to the results of
total CD8' T cells: exposure to TCDD decreased the percent (and
number) of CD8V38.3" cells to about 60% of the level found in
the vehicle-treated group on day 9 post infection (Fig. 7B).
We further characterized CD8 cells and identified CTL in
the lung. Virus-specific CTL have been characterized as a
subset of CD8 T cells that express high levels of CD44 and
low levels of CD62 (Dohertyet al, 1996; Hou and Doherty,
1993). Based on the expression of CD44 and QGD6&e
FIG. 5. Exposure to TCDD alters recruitment of cells to the lung. BALassessed the presence of an effector population of Qxlls
cells were collected from uninfected (triangle), vehicle-treated (circle), ¢f the lung. In vehicle-treated mice, 95% of the CDBAL

TCDD-treated mice (filled circle) on the indicated days after infection witl - :
influenza virus. (A) Total number of BAL cells was determined using aCouItIaells bear the CTL phenotype (Fig. 8A). Measuring CTL over

T .
counter. (B) Differential cell analysis was performed by counting 200 randoi”ne re\_/ealed that these cells comprlsg abogt 20% of the total
Leukostat-stained BAL cells per animal € 4—8 per day). Asterisks indicate population of BAL cells on day 8 post infection, and 30% on
a significant difference compared to vehicle-treated mjze<(0.05). day 9 post infection (Fig. 8C). In virus-infected mice treated

with TCDD, there was a 20% decrease in the mean channel

=
e
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reduced numbers of CD8T cells, and diminished CTL activ A e B 0. 1n
ity in lungs from mice exposed to TCDD. Two cytokines that 11 AL
are particularly important for a CTL response are IL-12 and _ o T

L L Fy

IFNy (Kos and Engleman, 1996; Monteigt al, 1998). We T+
examined the levels of these two cytokines in the lung over the
course of infection. In vehicle-treated mice, lffNvas first =
detected in the BAL fluid 5 days after infection, but rapidly= z«ia1-
decreased and was undetectable 3 days later, while IL-12
increased steadily throughout the course of infection (Fig. 6, n- =
open circles). In mice treated with TCDD, the concentration of proot s oA E
IFN+y in BAL fluid reached a maximum on post-infection day e 1eea =zt P Prens s

7, 2 days after the vehicle-treated group, and was nearly¥IG. 6. TCDD treatment suppresses IL-12 but enhancesylfvels in
10-fold greater at that time point. In contrast, IL-12 in lun@ronchoalveolar lavage (BAL) fluid. BAL fluid was collected from uninfected
lavage fluid from the TCDD-treated group declined steadily bg[igngle), vehicle-tr_eateq (circle), or TCDD-treated mice (filled circle) on the
ginning on day 4 (Fig. 6B). By day  post infection, the conceifa-aer &2/ S1e Hecton, Trelevel o 54y 1 -8 and L1280
tration of IL-12 in lung lavage fluid from vehicle-treated mice Wagsterisks indicate a significant difference compared to vehicle-treated mice
nearly 10-fold greater than the level in TCDD-treated mice. (p < 0.05).
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rat . lent cytolytic activity against influenza virus-infected target
40 A. (DY BAL cells cells (Fig. 9). Moreover, in both treatment groups, cytolytic
activity in the lung is first detected 5 days after infection and
obtains a maximum level on day 9. When we examined cyto-
lytic activity on days 5, 8, 9, and 10 we also observed no
differences between cells isolated from vehicle- and TCDD-
exposed mice (Lawrencet al., 2000).

30

M1
DISCUSSION

141 -

Percenl THAl. Cells

While trying to understand the mechanisms by which expo-
sure to TCDD affects the susceptibility of mice to infection
with influenza virus, we have found evidence that TCDD has
differential effects on cellular immune responses in the lung
and lymph node. This evidence includes the observation that
TCDD treatment suppresses IL-2 and HrNroduction, T cell
expansion, and CTL generation in the MLN, yet lung lavage
ey """-[”"'-3 +l‘.'.T}H+ Al cells cells isolated .from yehicle— qnd TC.DD-.treated mice have the

same cytolytic activity against virus-infected target cells.

Moreover, lung lavage fluid from TCDD-treated mice has ten
T times more IFN than lavage fluid from vehicle-treated mice.

These findings establish a relationship between exposure to
J; TCDD and the impaired generation of T cell-dependent im-
munity to infection with influenza virus, and raise intriguing
questions about the nature of the cytolytic activity in the lung
. and the underlying cause of mortality.
g _| ' - Several laboratories have reported thmavivo treatment of
rats and mice with TCDD increases mortality following respi-
ratory infection with influenza A virus (Burlescet al, 1996;
Houseet al, 1990; Yanget al, 1994). However, few studies

I I r have been performed to determine the mechanisms by which
Mo Yosbrie-le TOnRD exposure to TCDD decreases host resistance to influenza virus.
In particular, the effects of TCDD on T-cell function following
in vivo infection with influenza virus have not been ascer-

FIG. 7. TCDD treatment decreases the percentage of CR#id tained. Thus, one goal of this study was to determine whether
VB8.3"CD8" BAL cells. Mice (h = 8) were treated as described in Figure ?exposure to TCDD suppresses T-cell function following respi-

and were sacrificed on the indicated day (A) or on day 9 (B) following; .\, yira| infection. The effects of TCDD on T-cell responses
infection with influenza virus. Percentage of all BAL cells bearing the indi-

cated phenotype was assessed by examining cells from uninfected (triand]@f?orted here are consistent with numerous repOI’tS th.at expo-
vehicle-treated (circle), or TCDD-treated mice (filled circle). Cells wersUre to TCDD suppresses T cell-dependent immunity. For

stained with fluorochrome-conjugated antibodies against CD8 @®&3yand example, our results are quite similar to findings of Kerkwiet
immunophenotypic analysis was conducted by flow cytometry. Data poingg, (1996), who reported a diminished percentage of CBdd
represent the me_art(SEM), ar_]d asterisks indicate a significant differenctD8+ T cells and suppression ok vivosplenic IL-2 and IFN
compared to vehicle-treated micp £ 0.05). . .

in a tumor allograft model. In this same model, exposure to

TCDD also decreased the expansion and differentiation of
fluorescence of CD44 on CD8BAL cells on day 9 post cD8' T cells, as defined by the altered expression of CD44
infection (Fig. 8B) and the percentage of all BAL cells bearingind CD62, phenotypic markers of CTL (Kerkvlieet al.,

a CTL phenotype was reduced more than 2-fold comparedt996). Our findings concur with other studies, in which acti-
vehicle-treated mice. vation-induced T cell expansion and the production of IL-2 and
BAL cells from vehicle-treated mice and TCDD-treated midéNy were reduced followingin vivo exposure to TCDD

have equivalent lytic activity. Having observed that exposure(Lundberget al,, 1992; Prellet al,, 1995). Likewise, treatment
to TCDD suppresses the recruitment of CTL to the lung, weith TCDD suppresses splenic CTL responses to tumor cell
expected that TCDD treatment would also decrease cytolytiballenge in mice (De Krey and Kerkvliet, 1995; Kerkvlt
activity. In contrast to this expectation, we found that BAlal., 1990) and disrupts cell-mediated immunity to cytomega-
cells from vehicle- and TCDD-treated mice exhibited equivdevirus infection in rats (Rosst al,, 1997).
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FIG. 8. Exposure to TCDD decreases the percentage of ‘'CBBL cells bearing a CTL phenotype. Mica = 10) were treated as described in Figure 2.
Representative histograms of CDéells from vehicle- (A) and TCDD-treated (B) mice on day 9 following infection with influenza virus are shown. (C) The percent
of all BAL cells bearing a CTL phenotype in uninfected (triangle), vehicle-treated (circle) or TCDD-treated mice (filled circle) over the cofestoofith influenza
virus. Cells were stained with fluorochrome-conjugated antibodies against CD8, CD44, and DB@2points represent the mean $EM), and asterisks indicate a
significant difference compared to vehicle-treated mize=(0.05). The vehicle-treated group was significantly different from the naive group on days 8 and 9.

Further evidence that exposure to TCDD disrupts cell-mediatiéd12 levels in TCDD-mediated suppression of cell-mediated
immunity is provided by our observation that TCDD treatmeriimunity, decreased IL-12 levels were reported in mice exposed
suppresses IL-12 levels. Perhaps more than any other cytokim& CDD and challenged with P815 mastocytoma cells (Shepherd
studied to date, IL-12 plays an obligatory role in the activation amd al, manuscript submitted). However, a causal relationship
maintenance of cell-mediated immunity to infectious diseaspstween altered IL-12 and TCDD-mediated immunotoxicity re-
(Sederet al, 1996; Trinchieri, 1997). IL-12 induces the expresmains to be formally examined.
sion of co-stimulatory molecules on APC and directly drives the Another T cell-dependent response to infection with influ-
generation of CTL (Trinchieri, 1997). The specific role of IL-12 irenza virus is the generation of antibodies (Gerhatdal,
cell-mediated immunity to influenza A virus was recently exanm997). IgM, 1gG, 1gG,. and 1gG,, and IgA isotypes have been
ined (Monteircet al., 1998).In vivodepletion of IL-12in BALB/c  implicated as important effectors of viral clearance and pro-
mice decreased virus-specific CTL activity and viral clearanggctive immunity in mice (Hocaret al, 1989; Jones and Ada,
from the lung, confirming that IL-12 contributes to protectiva 9g6; Justewicet al, 1995). Consistent with an earlier report,
immunity to influenza virus. Consistent with a role for altere¢le found that exposure to TCDD suppresses the level of
influenza virus-specific IgM and IgG in plasma and lung lavage
fluid (Houseet al, 1990). In contrast to IgM and IgG levels,
TCDD treatment enhances the amount of influenza virus-spe-
cific IgA in plasma, a finding that is consistent with reports that
exposure to TCDD increases IgA in rats and humans (Metan
al., 1986; USAF, 1991). This effect of TCDD on IgA is quite
interesting and may reveal an effect of TCDD on cytokines that
regulate isotype switching to IgA. However, it is worth noting
that recent studies using IgA-deficient mice have demonstrated
that IgA is not required to prevent infection, generate neutral-
izing antibodies, or effectively clear virus and virally infected
cells (Mbawuikeet al,, 1999).

While the significance of increased IgA remains unclear, our
, . findings that exposure to TCDD suppresses influenza-specific
(0101 ] aip ] 15 12,51 £.35:] IgM and IgG, impairs cytokine production and CTL activity in

. the MLN, and decreases CD&sells and IL-12 levels in the

F:T Ratin lung indicate that TCDD impairs both the cell-mediated and

FIG.9. Lung cells isolated from vehicle (circle) and TCDD-treated (fillechumoral immune responses to influenza A virus. This interpre-

circle) mice exhibit equivalent lytic activity. Mice were treated as described ¥3tion is consistent with the deleterious effects of TCDD ob-

Figure 2 and sacrificed on day 9 following infection with influenza virus, . -
Average (= SEM) cytolytic activity of BAL cells was determined in a 5-h served in other eXpe“mental systems and supports the conclu-

SICr-release assay using influenza virus-infected MC57G fibroblasts. Thé{i@n that TCDD suppresses the_ generation of an adaptive
were 8 mice per treatment group. immune response. However, the idea that exposure to TCDD
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prevents adequate development of adaptive immunity and thaOn the other hand, the elevated level of H-M lung lavage
this defect underlies the impaired host resistance to infectifinid from mice exposed to TCDD provides a possible expla-
with influenza virus is likely to be overly simplistic. While nation for the destruction of virus-infected cells and enhanced
exposure to TCDD clearly impairs T-cell responses, lung lasortality. The pivotal role of IFN in host resistance to intra-
vage cells isolated from TCDD-treated mice are able to lysellular pathogens is well-documented (Farrar and Schreiber,
virus-infected target cells as effectively as BAL cells froni993; Young and Hardy, 1995). In the case of anti-viral im-
vehicle-treated controls. Furthermore, when we compared tmenity, IFNy enhances T-cell expansion and differentiation,
virus titer of lungs obtained on post infection day 9 froninfluences antibody isotype switching, and induces proteins
vehicle- and TCDD-treated mice, we detected no infectio@nd enzymes that alter viral replication. Moreover, via aug-
virus in either group (Lawrencet al, in press). Thus, in mentation of the killing activity of macrophages, neutrophils,
addition to equivalent cytolytic activity, this demonstrated thand NK cells, IFNy facilitates the destruction of virus-infected
the TCDD-treated mice that survived to day 9 were able t®lls. A cause-and-effect relationship between excessive IFN
clear the virus from their lungs. in the lung, cytolytic activity, and the immunotoxic effects of

The ability of TCDD to suppress adaptive immunity and CDD is not yet clear. When specifically considering a role for
enhance mortality following an otherwise non-lethal infectionFNy in the context of host resistance to influenza virus, it is
yet at the same time not to diminish lung cell cytolytic activitymportant to point out that IFM has no known direct activity
or the clearance of virus from the lung, was surprising to uagainst influenza virus (Baumgarth and Kelso, 1996; Graham
This finding raises several very interesting questions: what cetl al, 1993). Thus, a direct IFidmediated mechanism for
or molecule is responsible for the cytolytic activity and viralirus clearance appears unlikely. Instead, one possible relation-
clearance in lungs of mice treated with TCDD, and, in thghip is that exposure to TCDD enhances the activity of NK
absence of an increased pulmonary virus burden, what mechHs or increases the recruitment of NK cells to the lung.
anism is responsible for the enhanced mortality observed inNK cells are very effective at recognizing and destroying
mice exposed to TCDD? Possible explanations include thang epithelial cells infected with influenza virus, and NK cells
activation of another population of cells that compensates fand IFNy produced by NK cells are necessary for the clearance
the diminished number and activity of CD8T cells in the of a primary infection with influenza virus (Kos and Engleman,
lung, or the excessive production of cytokines such asylBN 1996; Monteiroet al,, 1998). Reports of the effects of TCDD
tumor necrosis factor (TNR)= Alternatively, it is possible that on NK cells are contradictory. Exposure of rats and mice to
the fewer CTL in the lung are simply more efficient killersTCDD has been found to have no effect (Hoetel., 1990;
This last scenario seems unlikely. The overwhelming evidenbtontovani et al., 1980), decrease (Yanet al, 1994), and
that exposure to TCDD suppresses T-cell function, makesiritrease (Funseth and llback, 1992) NK-cell activity. Never-
difficult to put forth a plausible explanation for how fewer Ttheless, in addition to promoting viral clearance and compen-
cells could have much greater cytolytic activity than T cellsating for diminished CTL in mice exposed to TCDD, overly
from vehicle-treated mice. Instead, it seems more probable thativated NK cells, via the production of IRNmay damage
another mechanism is responsible. healthy tissue and cause mortality.

In addition to contact-mediated lysis, cells infected with In addition to enhancing NK-cell activity, increased N
influenza virus can be killed by TNFinduced apoptosis (Liu may also lead to the over-activation of macrophages and neu-
et al, 1999), and TNE is found in the lung following influ- trophils in the lung. In fact, the increased percentage and
enza virus infection (Hennett al, 1992; our unpublished number of neutrophils in BAL cells from TCDD-treated mice
observations). Furthermore, in other model systems, exposprevides circumstantial evidence for excessive inflammation as
to TCDD has been reported to increase TNévels (Clark and a mechanism for tissue damage. Interestingly, when observed,
Taylor, 1994; Faret al, 1997; Mooset al,, 1994). Excessive mortality in the TCDD-treated group consistently occurred
production of TNl has been correlated with adverse outetween days 5 to 8 after infection with influenza virus: the
comes following infection, often resulting in increased mortakame days in which increased IMnd increased neutrophils
ity (Nguyen and Biron, 1999; Zhanet al, 1996). Thus, are found. Evidence for an IFNmediated increase in patho-
overproduction of TNE in the lung would provide an expla-logical effects following infection with influenza virus has
nation for both virus clearance and increased mortality. Infeecently been demonstrated by Karupigthal. (1998). They
tion with influenza virus stimulates the rapid production afeported an association between elevated pulmonary nitric
TNFa in the lung. However, in both vehicle- and TCDD-oxide following infection of mice with influenza A virus.
treated mice, TN& levels declined rapidly and were undetectFurthermore, using metabolic inhibitors of nitric oxide syn-
able after about 72 h (our unpublished observations). Thethase (NOS) and NOS2-deficient mice, they found NOS2 in-
fore, it seems unlikely that excessive pulmonary BNiE a duction by IFNy is detrimental to host survival following
mechanism for cytolytic activity, virus clearance, or enhanceédfection with influenza A virus. Thus, one possible reason for
mortality observed in mice exposed to TCDD and infected witmortality is that exposure to TCDD increases H-Mvels in
influenza virus. the lung, leading to excessive inflammation and tissue damage.



122 WARREN, MITCHELL, AND LAWRENCE

The relationship between increased -k the lung and Baumgarth, N., Egerton, M., and Kelso, A. (1997). Activated T cells from
TCDD-mediated immunotoxicity has yet to be established. Onélraining lymph nodes and an effector site differ in their response to TCR
. I . imulation.J. | 1.159,1182-1191.

possible mechanism is that exposure to TCDD increases BN BSt'mu a:;?';\lJ mdm:TO ig’(lgst oL ’ s infection induce fuct

. _ . . . umgartn, N., an elso, A. 0€es Influenza-virus intection inauce Jus
a dlr?Ct AhR mediated mechanism. In S“Pport _C?f th,ls theory’,gone type of T-cell response? Mptions for the Control of Influenzd.. E.
putative dioxin response element has been |d_ent|f|ed inthe Muringrown, A. W. Hampson, and R. G. Webster, Eds.), pp. 256-262. Elsevier
IFN+y gene (Laiet al., 1996). Further study is needed to fully Science, Amsterdam.
understand how exposure to TCDD enhances pulmonary IFBurleson, G. R., Lebrec, H., Yang, Y. G., Ibanes, J. D., Pennington, K. N., and
levels, while IFNy production by MLN cells is suppressed. Nev- Birnbaum, L. S. (1996). Effect of 2,3,7,8-tetrachlorodibepatioxin (TCDD)
ertheless, increased IRNN the lung offers a mechanistic expla- " influenza virus host resistance in mieendam. Appl. ToxicoR9, 40—47.
nation for the enigmatic finding that lung cells from mice expos&iat:k' G.C., a”deTé'ig'g_r-m J. (Ilgg;‘)- zumor_ ”‘?CrthiS factor g(’o"’g_“e”t in
to TCDD and infected with influenza virus exhibit equivalent the toxicity o + The role of endotoxin in the respongep. Clin.

IVti tivi M th h th tivati fi Immunogenetll, 136-141.
Cytolytic activity. Moreover, throug € over-activation o In_Deckhut, A. M., Allan, W., McMickle, A., Eichelberger, M., Blackman, M. A,

flammatory mediators, IFdinduced tissue damage may explain Doherty, P. C., and Woodland, D. L. (1993). Prominent usage8.9 T
the enhanced mortality observed in mice treated with TCDD.  cells in the H-2[-restricted response to an influenza A virus nucleoprotein
In summary, we have found that IFNevels in the MLN are  epitope.J. Immunol.151,2658-2666.

suppressed while IFlevels in the lung are greatly enhancedpe Krey, G. K., and Kerkvliet, N. I. (1995). Suppression of cytotoxic T-lympho-

indicating that exposure to TCDD affects cytokine production e activi_ty .by 2,3,7,8-tetrach|o_rodibenpee|ioxin occqrsin vivo, but notin

in a tissue-specific manner. We have also presented evidené/gro, and is independent of comcoster.one elevaﬁm)(|cology97,195—112.

that treatment with TCDD suppresses the adaptive immuR&'e'Y: P- €., Topham, D. J., and Tripp, R. A. (1996). Establishment and
. . - . L persistence of virus-specific CD4nd CD8 T cell memory.Immunol. Rev.

response to infection with influenza virus. However, it is not 150, 23-44.

clear whether this effect of TCDD on T cell-dependent ImmLiEichererger, M., Allan, W., Zijlstra, M., Jaenisch, R., and Doherty, P. C.

nity underlies the enhanced mortality because lung cells iSo¢1991). Clearance of influenza virus respiratory infection in mice lacking

lated from mice exposed to TCDD have cytolytic activity class | major histocompatibility complex-restricted CD8 cells. J. Exp.

against influenza virus-infected cells. While the mechanismged. 174,875-890.

for the presence of cytolytic activity and decreased host resfg. F.. Yan, B. F., Wood, G., Viluksela, M., and Rozman, K. K. (1997).

tance to influenza virus remain to be determined, it is clear tha{:ytoklnes (IL-1-beta and TNF-alpha) in relation to biochemical and immu-

. . . nological effects of 2,3,7,8-tetrachlorodibenzatioxin (TCDD) in rats.
there are differences in the effects of TCDD on immune Ce”SToxigoIogyllﬁ 9-16. is ( )

and CytOkme prOdUCtlon in the Iymph node and Iung. Farrar, M. A., and Schreiber, R. D. (1993). The molecular cell biology of
interferon-gamma and its receptédmnu. Rev. Immunoll1, 571-611.
ACKNOWLEDGMENTS Flynn, K. J., Belz, G. T., Altman, J. D., Ahmed, R., Woodland, D. L., and

Doherty, P. C. (1998). Virus-specific CDg cells in primary and second

The authors would like to thank the following people, without whose ary influenza pneumoniammunity8, 683-691.
generous assistance and support the work presented here would not have beggeth, E., and llback, N. G. (1992). Effects of 2,3,7,8-tetrachlorodibenzo-
possible: Dr. Michael Coppola provided our initial stock of A/HKx31 and, P-dioxin on blood and spleen natural killer (NK)-cell activity in the mouse.
more importantly, invaluable information and guidance regarding the estab-Toxicol. Lett.60, 247-256.
lishment of this model. Likewise, special thanks are due to Drs. Kirsten Flyi@erhard, W., Mozdzanowska, K., Furchner, M., Washko, G., and Maiese, K.
and Mark Sangster (St. Jude Childfemospital, Memphis, TN) for help with ~ (1997). Role of B-cell response in recovery of mice from primary influenza
several assays, including virus-specific CTL and antibody measurements. Drirus infection.Immunol. Rev159, 95-103.
Tom Jerrells (University of Nebraska Medical Center, Omaha, NE) providesh|dstein, J., and Safe, S. (1989). Mechanism of action and structure activity
MC57G fibroblasts and technical help with the growth of influenza virus in ye|ationships for the chlorinated dibenpesioxins and related compounds.
avian cells. Finally, Dr. Kenneth Rock (Dana Farber Cancer Institute) provided| Halogenated Biphenyls, Terphenyls, Naphthalenes, Dibenzodioxins and
DC2.4 cells. This work was supported by funds from the state of Washingtonge|ated ProductgKimbrough and Jensen, Eds.), pp. 239-293. Elsevier

and the Washington State University College of Pharmacy. Science, Amsterdam.
Graham, M. B., Dalton, D. K., Giltinan, D., Braciale, V. L., Stewart, T. A., and
REFERENCES Braciale, T. J. (1993). Response to influenza infection in mice with a

targeted disruption in the interferongene.J. Exp. Med178,1725-1732.

Allan, W., Tabi, Z., Cleary, A., and Doherty, P. C. (1990). Cellular events ihlamilton-Easton, A., and Eichelberger, M. (1995). Virus-specific antigen
the lymph node and lung of mice with influenza: Consequences of depletingoresentation by different subsets of cells from lung and mediastinal lymph

CD4" T cells.J. Immunol.144,3980-3986. node tissues of influenza virus-infected mideVirol. 69, 6359—-6366.
Barrett, T., and Inglis, S. C. (1985). Growth, purification and titration offennet, T., Ziltener, H. J., Frei, K., and Peterhans, E. (1992). A kinetic study
influenza viruses. IVirology: A Practical Approach{B. W. J. Mahy, Ed.), of immune mediators in the lungs of mice infected with influenza A virus.

pp. 119-150. IRL Press, Washington, D.C. J. Immunol.149, 932-939.

Baumgarth, N., Brown, L., Jackson, D., and Kelso, A. (1994). Novel featurg¥cart, M. J., Mackenzie, J. S., and Sterwart, G. A. (1989). The immunoglob-
of the respiratory tract T-cell response to influenza virus infection: Lung T Ulin-G subclass response of mice to influenza A virus: the effect of mouse
cells increase expression of gamma interferon mRNA in vivo and maintainstrain, and the neutralizing abilities of individual protein A-purified subclass
high levels of MRNA expression for interleukin-5 (IL-5) and IL-I0Virol. antibodies.J. Gen. Virol.70, 2439-2448.

68, 7575-7581. Hou, S., and Doherty, P. C. (1993). Partitioning of responder CD8ells in



TCDD ALTERS RESPONSE TO INFLUENZA VIRUS 123

lymph node and lung of mice with Sendai virus pneumonia by LECAM-Moos, A. B., Baecher-Steppan, L., and Kerkvliet, N. I. (1994). Acute inflam-

and CD45RB phenotypd. Immunol.150, 5494 -5500. matory response to sheep red blood cells in mice treated with 2,3,7,8-
House, R. V., Lauer, L. D., and Murray, M. J., Thomas, P. T., Ehrlich, J. P., tetrachlorodibenz-dioxin: The role of proinflammatory cytokines, IL-1

Burleson, G. R., and Dean, J. H. (1990). Examination of imnmune parameter@nd TNF.Toxicol. Appl. Pharmacol127,331-335.

and host resistance mechanisms in B6C3F1 mice following adult exposideran, R. A., Lee, C. W., Fujimoto, J. M., and Calvanico, N. J. (1986). Effects

to 2,3,7,8-tetrachlorodibenzwmdioxin. J. Toxicol. Environ. Healtl31,203— of 2,3,7,8-tetrachlorodibenzo-dioxin (TCDD) on IgA serum and bile lev-
215. els in rats.immunopharmacolog$2, 245-250.

Jones, P. D., and Ada, G. L. (1986). Influenza virus-specific antibody-secretidgumann, C. M., Oughton, J. A., and Kerkvliet, N. I. (1993). Anti-CD3-
cells in the murine lung during primary influenza virus infectidnVirol. induced T-cell activation: Il. Effect of 2,3,7,8-tetrachlorodibemedioxin
60, 614-619. (TCDD). Int. J. Immunopharmacoll5, 543-550.

Justewicz, D. M., Morin, M. J., Robinson, H. L., and Webster, R. G. (1995Nguyen, K. B., and Biron, C. A. (1999). Synergism for cytokine-mediated
Antibody-forming cell response to virus challenge in mice immunized with disease during concurrent endotoxin and viral challenges: Roles for NK and
DNA encoding the influenza virus hemagglutinih.Virol. 69, 7712-7717. T cell IFNy production.J. Immunol.162,5238-5246.

Karupiah, G., Chen, J.-H., Mahalingam, S., Nathan, C. F., and MacMickinjonacs, R., Humborg, C., Tam, J. P., and Steinman, R. M. (1992). Mecha-
J. D. (1998). Rapid interferoy-dependent clearance of influenza A virus hisms of mouse spleen dendritic cell function in the generation of influenza-
and protection from consolidating pneumonitis in nitric oxide synthase specific, cytolytic T lymphocytesl. Exp. Med176,519-529.
2-deficient miceJ. Exp. Med188, 1541-1546. Prell, R. A., Oughton, J. A., and Kerkvliet, N. I. (1995). Effect of 2,3,7,8-

Kerkvliet, N. I. (1998). T-lymphocyte subpopulations in TCDD immunotox- tetrachlorodibenz@-dioxin on anti-CD3-induced changes in T-cell subsets
icity. In T-Lymphocyte Subpopulations in ImmunotoxicolfigiKimber and and cytokine productiorint. J. Immunopharmacoll7, 951-961.

M. Selgrade, Eds.), pp. 55-72. John Wiley and Sons, Chichester, EnglaRdss, P. S., de Swart, R. L., van der Vliet, H., Willemsen, L., de Klerk, A., van

Kerkvliet, N. I., Baecher-Steppan, L., Shepherd, D. M., Oughton, J. A., Amerongen, G., Groen, J., Brouwer, A., Schipholt, I., Morse, D., van
Vorderstrasse, B. A., and De Krey, G. K. (1996). Inhibition of TC-1 Loveren, H., Osterhaus, A. D., and Vos, J. G. (1997). Impaired cellular
cytokine production, effector cytotoxic T-lymphocyte development, and immune response in rates exposed perinatally to Baltic Sea herring oil or
alloantibody production by 2,3,7,8-tetrachlorodibeedioxin. J. Immunol. 2,3,7,8-TCDD.Arch. Toxicol.71, 563-574.

157,2310-2319. Seder, R. A,, Kelsall, B. C., and Jankovic, D. (1996). Differential roles for

Kerkvliet, N. 1., Baecher-Steppan, L., Smith, B. B., Youngberg, J. A., Hen- IL-12 in the maintenance of immune responses in infectious versus auto-
derson, M. C., and Buhler, D. R. (1990). Role of the Ah locus in suppressionimmune diseasel. Immunol.157,2745-2748.
of cytotoxic T-lymphocyte activity by halogenated aromatic hydrocarboriBomar, R., and Kerkvliet, N. (1991). Reduced T-helper cell function in mice
(PCBs and TCDD), structure-activity relationships and effects in C57BI/6 exposed to 2,3,7,8-tetrachlorodibenzatioxin (TCDD). Toxicol. Lett.57,

mice congenic at the Ah locukundam. Appl. Toxicoll4, 532-541. 55-64.

Kos, F. J., and Engleman, E. G. (1996). Role of natural killer cells in tiBopham, D. J., Tripp, R. A., and Doherty, P. C. (1997). CDBcells clear
generation of influenza-virus-specific cytotoxic T ce®Ill Immunol.173, influenza virus by perforin- or Fas-dependent procesieknmunol.159,
1-6. 5197-5200.

Lai, Z. W., Pineau, T., and Esser, C. (1996). Indentification of dioxin-respofiownsend, A. R., Rothbard, J., Gotch, F. M., Bahadur, G., Wraith, D., and
sive elements (DRES) in the Begions of putative dioxin-inducible genes. McMichael, A. J. (1986). The epitopes of influenza nucleoprotein recog-
Chem. Biol. Interact100,97-112. nized by cytotoxic T lymphocytes can be defined with short synthetic

Lawrence, B. P., Warren, T. K., and Luong, H. (2000). Fewer T lymphocytes PeptidesCell 44, 959-968.
and decreased pulmonary influenza virus burden in mice exposed to 2,3, T@Aachieri, G. (1997). Cytokines acting on or secreted by macrophages during
tetrachlorodibenz@-dioxin. J. Toxicol. Environ. Healthin press). intracellular infectionCurr. Opin. Immunol9, 17-23.

Liu, A. N., Mohammed, A. Z., Rice, W. R., Fiedeldey, D. T., LiebermannTripp, R. A., Hou, S., and Doherty, P. C. (1995). Temporal loss of the activated
J. S., Whitsett, J. A., Braciale, T. J., and Enelow, R. I. (1999). Perforin- L-selectin-low phenotype for virus-specific CD8nemory T cells.J. Im
independent CD8 T-cell-mediated cytotoxicity of alveolar epithelial cells munol.154,5870-5875.
is preferentially mediated by tumor necrosis facioiRelative insensitivity USAF (1991).Air Force Health Study: An Epidemiological Investigation of
to Fas ligandAmer. J. Respir. Cell Molec. BioR0, 849-858. Health Effects in Air Force Personnel Following Exposure to Herbicides.

Lukacher, A. E., Braciale, V. L., and Braciale, T. J. (1984 vivo effector U.S. Air Force, Brooks Air Force Base, Texas.
function of influenza virus-specific cytotoxic T-lymphocyte clones is highlywhitlock, J. P., Jr. (1993). Mechanistic aspects of dioxin actidmem. Res.
specificJ. Exp. Med 160,814 —-826. Toxicol. 6, 754—763.

Lundberg, K., Dencker, L., and Gronvik, K. O. (1992). 2,3,7,8-Tetrachlorofrang, Y. G., Lebrec, H., and Burleson, G. R. (1994). Effect of 2,3,7,8-
dibenzop-dioxin (TCDD) inhibits the activation of antigen-specific T cells tetrachlorodibenz@-dioxin (TCDD) on pulmonary influenza virus titer and
in mice. Int. J. Immunopharmacoll4, 699—-705. natural killer (NK) activity in ratsFundam. Appl. Toxicol23, 125-131.

Mbawuike, I. N., Pacheco, S., Acuna, C. L., Switzer, K. C., Zhang, Y., andap, K. L, Ada, G. L, and McKenzie, I. F. C. (1978). Transfer of specific
Harriman, G. R. (1999). Mucosal immunity to influenza without IgA: An cytotoxic lymphocytes protects mice inoculated with influenza viNature

IgA knockout mouse modell. Immunol.162,2530-2537. 273,238-239.
Monteiro, J. M., Harvey, C., and Trinchieri, G. (1998). Role of interleukin-1%oung, H. A., and Hardy, K. J. (1995). Role of interferon-gamma in immune
in primary influenza virus infectionl. Virol. 72, 4825-4831. cell regulation.J. Leukoc. Biol58, 373-381.

Montovani, A., Vecchi, A., Luini, W., Sironi, M., Candiani, G. P., SpreaficoZhang, W. J., Sarawar, S., Nguyen, P., Daly, K., Rehg, J. E., Doherty, P. C.,
F., and Garattini, S. (1980). Effect of 2,3,7,8-tetrachlorodichlorobgnzo- Woodland, D. L., and Blackman, M. A. (1996). Lethal synergism between
dioxin on macrophage and natural killer cell cytotoxicity in miBéomed- influenza infection an&taphylococcaknterotoxin B in miceJ. Immunol.
icine 32,200-204. 157,5049-5060.



