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Summary

The aryl hydrocarbon receptor (AHR) has garnered considerable attention as a modulator of CD4
lineage development and function. It also regulates antiviral CD8" T cell responses, but via
indirect mechanisms that have yet to be determined. Here, we show that during acute influenza
virus infection, AHR activation skews dendritic cell (DC) subsets in the lung-draining lymph
nodes, such that there are fewer conventional CD103*DCs and CD11b*DCs. Sorting DC subsets
reveals AHR activation reduces immunostimulatory function of CD103*DCs in the MLN, and
decreases their frequency in the lung. DNA binding domain (DBD) Ahr mutants demonstrate that
alterations in DC subsets require the ligand-activated AHR to contain its inherent DBD. To
evaluate the intrinsic role of AHR in DCs, conditional knockouts were created using Cre-LoxP
technology, which reveal that AHR in CD11c™ cells plays a key role in controlling the acquisition
of effector CD8* T cells in the infected lung. However, AHR within other leukocyte lineages
contributes to diminished naive CD8* T cell activation in the draining lymphoid nodes. These
findings indicate DCs are among direct targets of AHR ligands in vivo, and AHR signaling
modifies host responses to a common respiratory pathogen by affecting the complex interplay of
multiple cell types.
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Introduction

The aryl hydrocarbon receptor (AHR) is an environment sensing transcription factor that
binds a wide variety of ligands, ranging from dioxins and related pollutants to metabolites
derived from foods we consume [1, 2]. There is a substantial body of evidence supporting a
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role for AHR-mediated signaling in the development and function of the immune system.
This is a rich literature, and will not be reviewed in its entirety herein. Briefly, AHR
activation has a tremendous influence on conventional CD4* T cell function and T cell-
dependent B cell responses [3]. Several studies support a regulatory role for AHR agonists
in autoimmune diseases [4-7], allergic inflammation [8], and inflammatory bowel diseases
[9-11], via an influence on Th17 and CD4* regulatory T (Treg) cells. When considering
infectious diseases, several reports indicate that AHR plays a critical role, but that the nature
of AHR's function varies with the type of pathogen and target organ [12-19]. For instance,
AHR activation by exogenous ligands profoundly modulates host resistance, leading to
either improved or worse outcomes following infection [12, 14, 18]. Conflicting results with
AHR-deficient mice suggest that AHR likely plays pathway-specific roles in modulating
host defense mechanisms [13-17, 19].

Using influenza virus as a model system to probe how AHR modulates host responses to
infection, it has been shown that triggering AHR significantly reduces the proliferation and
differentiation of virus specific CD8* T cells via an indirect mechanism [15, 20].
Specifically, experiments with bone marrow chimeras and adoptive transfer of Ahr-null
CD8* T cells into congenic Ahr*/* recipients revealed that AHR-regulated events within
hematopoietic cells, but not directly within CD8" T cells underlie this reduced response
[15]. Yet, the consequences to the host are profound, as evidenced by enhanced morbidity
and mortality [12, 21, 22]. The critical window for this effect is within the first 4 days of
infection [20], suggesting AHR regulates accessory cell functions that control naive CD8* T
cell activation, such as DCs. DCs are the major APCs that stimulate naive CD8" T cellsin a
primary infection. Consistent with this idea, AHR activation reduces the trafficking of DCs
from the infected lung to the draining mediastinal lymph nodes (MLNs) [20]. Experimental
evidence from other model systems further supports that DCs are affected by exposure to
AHR agonists [6, 8, 20, 23-30].

DCs are heterogeneous cells, and the in vivo function of distinct DC subsets is not fully
understood [31]. Likewise, the consequences of AHR signaling within phenotypically
distinct DC subsets remain poorly explored. For instance, conventional DCs can be further
divided into CD11b* and CD103* subsets. In the lung these represent two major DC subsets
that migrate during respiratory antigen challenge, and present antigen to T cells in the lung-
draining lymph nodes [32-43]. However, whether AHR activation modulates the proportion
of these two specific DC subsets in vivo, and whether AHR-modulated events within DCs
are directly responsible for the poorer response of CD8" T cells during infection remain
unknown. Thus, in the present study, we sought to determine whether AHR alters the
frequency, trafficking, or functional capacity of CD11b* and CD103*DC subsets during
influenza virus infection. Moreover, we used the Cre/loxP system to create novel conditional
knockout mice to delineate whether AHR within CD11c lineage cells directly contributes to
poorer responsive capacity of CD8* T cells during respiratory viral infection.

Eur J Immunol. Author manuscript; available in PMC 2015 June 01.
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AHR activation alters the profile of DC subsets in the MLN

To determine whether AHR activation affects DCs during influenza virus infection, we used
the prototypical AHR agonist 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin). While
the identity and physiologic function of endogenous AHR ligands remain enigmatic, we are
exposed to AHR-binding dioxins and polychlorinated biphenyls (PCBs) regularly, primarily
through ingestion [1, 2, 44], and epidemiological reports show exposure to these pollutants
are significantly and directly associated with more respiratory tract infections [45, 46].
Moreover, in a mouse model, a single low dose of TCDD sustains AHR activation
throughout the response to influenza virus [47]. We first examined the effect of AHR
activation on the proportion of DC subsets in the lung-draining MLNs. There are two
different populations of CD11c™ cells in the MLN (Fig. 1A): CD11c""MHCII' cells (R1
gate) and CD11c*MHCIIN cells (R2 gate). CD11c"MHCII cells are described as either
CD11c* monocytes or as resident DCs [34, 48]; whereas CD11c*MHCIIN cells are
consistently thought to represent DCs, including those that have recently emigrated from
peripheral tissues [34, 43]. Sorted CD11c*MHCIIN cells (R2 gate) from virus-infected mice
were able to activate naive CD8* T cells, but sorted cells from the R1 gate
(CD11cMiMHCII' cells) were unable to do so (data not shown). Therefore, we defined DCs
as cells in the R2 gate. In the absence of infection, AHR activation with TCDD caused no
discernable difference in the percent or number of total DCs in the MLN (data not shown).
However, 3 days after infection AHR activation reduced the percentage and number of DCs
in the MLN (Fig. 1B), with a significant reduction in both the CD11b*DCs and CD103*DC
subsets (Fig. 1C). As an indicator of DC maturation we examined several cell surface
molecules important for DC activation of naive T cells [49, 50]. Although the percentage of
CD11b* and CD103*DCs expressing CD80, CD86 or CD40 did not change with AHR
activation (data not shown), AHR activation significantly reduced MFI of CD40 on
CD103*DCs, but not on CD11b*DCs, from infected mice (Fig.1D).

To establish whether the reduced number of CD103* and CD11b*DCs in the MLN reflects
enhanced death of DCs, we determined whether AHR activation increases the frequency of
apoptotic or dead DCs. We found no evidence to support this, as the percentage of Annexin-
V single positive or Annexin-V,Live/Dead double positive DCs was not different in CD11c*
subsets from vehicle control or TCDD-treated mice before or after infection (Supporting
Information Fig. 1A-D). We next determined whether the reduced number of CD103* and
CD11b* DCs reflects that fewer are emigrating to the MLN from the infected lung by
instilling (i.n.) CFSE to label cells in the lung [20, 51]. CFSE was instilled one day prior to
infection, and CFSE* DCs in the MLN were analyzed 3 days after infection. Importantly,
there were no differences in the percentage, number, or fluorescence intensity of CFSE-
labeled cells in lungs of mice treated with vehicle vs. TCDD, including phenotypically
distinct CD11c* subsets ([20], and data not shown). Consistent with prior reports,
CD103*DCs are the major subset that has migrated from the lung at this point in time after
infection [42, 43]. AHR activation significantly reduced the percentage of CD103*DCs that
were CFSE*, but did not alter the percentage of CD11b*DCs that were CFSE* (Fig. 2A).
However, since AHR activation reduced the total number of CFSE*DCs in the MLN, there
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was a significant decrease in the number of both CFSE*CD11b* and CFSE*CD103* DC
subsets (Fig. 2B). To account for the dynamic nature of the DC compartment in the lung, in
separate experiments CFSE was administered (i.n.) 48 h after infection, and the frequency of
CFSE-labeled DC subsets in the MLN was examined on day 3 of infection. Similarly, while
no differences in CFSE-labeling of cells in the lung were observed, AHR activation reduced
the number of CFSE*CD11b* and CFSE*CD103* DCs in the MLN (data not shown). Thus,
AhR activation reduces DC number in the MLN following influenza virus infection,
suggesting reduced emigration from lung.

AHR activation impairs the ability of CD103*DCs to stimulate naive virus-specific CD8* T

cells

To evaluate whether AHR activation alters the function of phenotypically defined DC
subsets, we directly compared the activation of naive, virus-specific CD8* T cells by sorting
CD11b*DCs and CD103*DCs from infected mice (+ AHR activation; Fig. 3A). Three days
after infection, sorted CD103*DCs from the MLN activate naive F5 CD8* T cells, as
measured by the up-regulation of CD44, diminished CFSE staining, and secretion of IFNy
(Fig. 3B-D). Invivo AHR activation resulted in a 2-fold reduction in the ability of sorted
CD103*DCs to drive the proliferation and differentiation of F5 CD8* T cells (Fig. 3B-D),
and this persisted across several different ratios of T cells to DCs. This is an important
consideration because it has been suggested that partially matured DCs support proliferation
only at higher T cell:DC ratios, but at lower ratios fail to support T cell proliferation and
differentiation [52]. In contrast to CD103*DCs, CD11b*DCs, which were sorted from the
same lymph nodes, were unable to activate naive F5 CD8* T cells at any T cell:DC ratio
used, and AHR activation did not alter this (Fig. 3B and data not shown).

AHR activation reduces the number of DCs in the infected lung

Given that the primary source of DCs carrying influenza virus antigens to the MLN is the
infected lung, we examined whether AHR activation with TCDD alters the profile of
CD11c* subsets in the lung. Similar to the MLN, there are two different populations of
CD11c* cells in the lung (Fig. 4A): CD11cNMHCI cells (R1 gate) and CD11ctMHCIIN
cells (R2 gate). CD11cNMHCII'® cells are a subset of lung monocytes/macrophages,
whereas CD11c*MHCIIN cells are DCs [37, 43, 48]. In uninfected mice, AHR activation
did not alter the percentage or number of total DCs or CD11c* macrophages in the lung
(Fig. 4A-E). However, three days after infection there were 50% fewer lung DCs when
AHR was activated (Fig. 4A,C,E). Consistent with prior reports, in the uninfected lung the
proportion of CD11b*DCs is greater than CD103*DCs (e.g. 57% versus 16%, respectively),
and the frequency of CD103*DCs decreases by day 3 after infection (Fig. 4F-H).
Interestingly, AHR activation further reduced the percentage and number of CD103*DCs. In
fact, AHR significantly diminished the number of lung CD103*DCs even in the absence of
infection (Fig. 4J). In contrast, AHR activation did not change the frequency of CD11b*DCs
in naive lung, but did reduce the number of CD11b*DCs following infection on day 3 post
infection (Fig. 4F,G,I). Similar to the MLN, AHR activation did not change the percentage
of apoptotic CD11c* subsets in the unchallenged or infected lung (Supporting Information
Fig. 1E-H).
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It has been reported that AHR activation enhanced expression of the immunoregulatory
genes Idol and 1110 in myeloid-derived cells [6, 24-26, 53]. Thus, we examined whether in
vivo AHR activation up-regulated expression of these genes in sorted lung DCs and CD11c”*
macrophages (Fig. 5). The AHR target gene cytochrome P4501A1 (Cyplal) is strongly
induced in DCs and CD11c¢* macrophages from TCDD treated mice (Fig. 5B,C). Idol was
also significantly induced by AHR activation in sorted DCs, but 1120 mRNA levels were not
significantly affected in this subpopulation of lung cells (Fig. 5B). In sorted CD11c*
macrophages we observed the opposite: 1dol was not significantly induced by in vivo AHR
activation, but 1110 gene expression was significantly elevated (Fig. 5C).

AHR modulates DC phenotype via a mechanism that requires AHR's intrinsic DNA binding

domain

Examination of Ahr~/~ mice reveals mixed consequences to the immune system [54], and
new information suggests AHR plays a key role in the development of certain innate
immune cells [55-57]. With this in mind, we examined whether Ahr~~ mice exhibit
discernable changes in the number of DCs, or an alteration in the proportion of DC subsets
upon infection. Compared to age-matched wild-type mice, there were no differences in the
number of DCs, CD103*DCs, CD11b*DCs, or CD11c*Macs in the MLN or lung of naive or
influenza virus infected Ahr~~ mice (Supporting Information Fig. 2 and data not shown).
Moreover, in wild-type mice, all of these CD11c* sub-populations express Ahr at similar
levels (Supporting Information Fig. 3). Collectively, this provides a foundation for
beginning to understand how the AHR modulates DC responses during infection.

In the canonical AHR signaling pathway, ligand binding triggers alterations in AHR
conformation and chaperone binding, which initiates trafficking to the nucleus. Within the
nucleus, activated AHR-ligand complexes bind aryl hydrocarbon response elements (AhRE)
within AHR target genes, such as cyplal. Alternative pathways of AHR activation have
been reported, in which AHR alters cell signaling or gene expression independently of AHR
binding to these consensus DNA sequences [58-60]. Thus, we next determined whether
AHR alters the proportion of DC subsets during infection via a pathway that requires AHR
binding to DNA via its DNA binding domain (DBD). To accomplish this, we used
Ahrdod/dod mice which express a mutated AHR protein that lacks its DBD [61]. The
Ahrdbd/dod gene encodes a protein that binds ligand, translocates to the nucleus, but cannot
bind consensus AhRE to induce expression of AHR target genes (e.g., cyplal). In contrast
to effects observed in wild-type mice, TCDD treatment of Ahrdbd/dbd mice did not reduce the
percentage or number of DCs (Fig. 6A), reduce the number of CD11b* and CD103*DCs in
the MLN (Fig. 6B), or alter the CD40 MFI on CD103*DCs (Fig. 6C). These results suggest
that the cellular processes affected by AHR require that it likely acts in vivo directly as a
transcription factor, rather than via crosstalk with other transcriptional regulators in the
cytosol, or modulation of other transcriptional regulators such as NF-xB or the estrogen
receptor.

Conditional knockout reveals CD11c-lineage intrinsic and extrinsic role of AhR

To test whether DC intrinsic AHR signaling is upstream of the reduced CD8* T cell
response to influenza virus infection, we conditionally deleted Ahr by crossing AhrX/™X mice
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with mice that express Cre recombinase under control of the CD11c promoter (CD11c®"®
mice) [62—-64]. To verify selective excision of Ahr from DCs, we sorted CD11c*MHCIIN
cells from CD11cSeAhr™™ and Ahr™/™ mice, and used PCR probes that distinguish the
excised and unexcised Ahr gene [65]. DCs from Ahr™™ mice have the unexcised Ahr gene,
which encodes a functional AHR protein, whereas DCs from CD11c®€Ahr™¥ mice have a
PCR product consistent with successful excision of Ahr (Fig. 7A). We next determined
whether the absence of Ahr in CD11c-lineage cells affects the AHR-mediated suppression of
the CD8* T cell response to infection. In the lung, which is the ultimate site in which virus-
specific CD8" CTL kill infected cells and clear infection, the absence of Ahr in CD11c*
cells fully reverses the defective CD8* T cell response observed upon TCDD treatment (Fig.
7B). That is, AHR activation in CD11cS€Ahr™™X mice did not reduce the percent or number
of nucleoprotein (NP)-specific CD8* T cells and IFNy*CD8" T cells, compared to vehicle
treated littermates. This is in direct contrast to the difference between vehicle- and TCDD-
treated Ahr™™ mice, in which AHR activation significantly reduced in the percentage and
number of influenza NP-specific CD8" T cells and IFNy*CD8* T cells in the lung. These
data reveal that expression of Ahr in CD11c lineage cells plays a key role in controlling the
acquisition of effector, virus-specific CD8* T cells in the infected lung.

However, AHR's role in modulating CD8" T cell responses to infection likely involves
AHR-mediated events in other immune cell lineages as well. Evidence for additional cellular
players derives from the observation that conditional deletion of Ahr from CD11c lineage
cells only partially modified the effect on CD8* T cell responses in the MLN. In contrast to
the lung, AHR activation in CD11c"®Ahr™™ mice did not fully restore the reduced
frequency of virus-specific CD8* T cells and IFNy*CD8™ T cells in the MLN (Fig. 7C).
However, whereas the response of CD8* T cells in TCDD-treated CD11c<"€Ahr™/™ mice
was suppressed compared to the vehicle-treated controls, the magnitude of suppression was
not as severe as it is in TCDD-treated Ahr™™ mice. Instead, it was in between that of
vehicle-treated infected mice (of either genotype), and the severely blunted response
observed in TCDD-treated Ahr®/™ mice. Thus, conditional deletion of Ahr in CD11c* cells
partially prevented repression of CD8* T cell response in the MLN. These data suggest that
in the draining lymph nodes, which are considered the principal site for the activation of
naive, virus-specific CD8* T cells a combination of CD11c* and other cell types contributes
to the substantially reduced CD8* T cell response to infection following AHR activation.

Discussion

The AHR modulates immune cell development and function, although details regarding
precisely how it does this are only beginning to emerge. Much recent focus on AHR has
centered on its control of CD4* T cell differentiation, the development of autoimmune
diseases, and immune homeostasis in the gastrointestinal (GI) tract [4, 5, 7, 17, 19, 66]. We
present here another aspect of immune regulation by the AHR: DC responses during acute
viral infection, and the ensuing impact on CD8* T cell activation. During respiratory virus
infection, AHR activation results in fewer mature, immunostimulatory CD103*DCs from
the lung getting to the MLN to activate naive virus-specific CD8" T cells and generate a
robust CTL response to infection. Moreover, AHR signaling in DCs directly contributes to
this poorer response. This extends prior reports showing effects of AHR ligands on DCs [6,
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23-25, 27-30, 67] in several ways, and suggests that when thinking about host responses to
common respiratory infections, such as influenza virus, AHR-regulated pathways that
influence the function of DCs are overlooked but potentially critical factors influencing
disease outcome.

The study presented here shows that TCDD-induced AHR signaling altered the response of
DC subsets upon infection. We found no evidence that this is explained by AHR-mediated
elevation in DC apoptosis, which is in contrast to other reports in which in vitro treatment of
bone marrow derived DCs with TCDD increased death [67], but is consistent with prior
reports that AHR ligands perturb in vivo DC homeostasis [68]. Another possible explanation
for the reduced adaptive immune response to infection is that AHR activation impairs viral
replication. In other words, what appears to be an attenuated response reflects the fact that
the virus is not able to replicate successfully. However, while morbidity and mortality are
increased, AHR activation does not significantly change pulmonary viral load or the kinetics
at which virus in cleared from the lung [21, 22, 69]. Instead, we found that AHR signaling
altered the response of CD103* and CD11b* DC subsets upon infection, as measured by
reduction in trafficking to and frequency in the lung-draining lymph nodes during infection.
Given that CD103*DCs are better able to take up influenza virus, directly present antigen in
MHCI, and may be better at cross-presenting antigen to naive CD8* T cells [33, 36, 38, 40],
AHR activation may diminish the ability of CD103*DCs to prime naive virus specific CD8*
T cells. Thus, AHR may specifically regulate genes and signaling pathways involved in
these processes. Further evidence of selectivity in AHR-mediated effects on DC subsets
comes from the observation that, in the absence of infection, triggering the AHR reduced
only the frequency of CD103*DCs in the lung. This is interesting because in the lung
CD11b*DCs are thought to reside primarily in the parenchyma, whereas CD103*DCs are
predominantly found just below the airway epithelium, possibly extending processes up into
airspaces [35]. Thus, AHR-mediated changes in DC function may be due in part to events
that begin in the lung, and affect signaling events in CD103*DCs that are important early on
after infection.

Indeed, the time after infection in which DC subsets are examined is an important
consideration. We examined the function of CD11b*DCs and CD103*DCs 3 days after
infection, whereas Ballesteros-Tato et. al. [32] measured DC function 7 days after infection.
In that study, they found CD11b*DCs played the dominant immunostimulatory role [32].
However, if the AHR is not activated until 4 days after infection, then it no longer attenuates
the response of CD8* T cells [20], suggesting that the fundamental AHR sensitive events are
prior to day 4 of infection. Thus, the contribution of CD11b*DCs during primary influenza
virus infection may not overlap with pathways that are regulated by the AHR earlier on
during infection. Additionally, it is possible that the principal DC subset that stimulates
naive CD8* T cells in the draining lymph nodes changes over time.

Depending on context, DCs can act in an immunostimulatory or regulatory capacity.
Immunostimulatory DCs drive naive T cell activation and promote adaptive immunity.
Regulatory DCs do not sustain T cell activation because they make factors that act directly
on T cells to reduce or block activation or promote the expansion of Treg cells [50, 70]. The
mechanisms that drive DCs to become “immunostimulatory' or “regulatory' are not fully
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understood, but involve integration of multiple signals [31, 50]. Several studies suggest that
AHR influences these processes, such that upon AHR activation, regulatory DC functions
dominate over stimulatory ones [6, 24-26, 28, 71]. However, the specific DC subsets and
particular DC functions modified by AHR ligands remain to be fully defined. Our findings
suggest that in the context of infection with influenza virus, AHR skews the profile of DC
subsets such that there are fewer immunostimulatory CD103*DCs. Yet, the effects of AHR
are probably not limited to simply reducing the number and function of CD103*DCs in the
draining lymph nodes. AHR may simultaneously influence distinct CD11c* cell
subpopulations, albeit in a different manner. For instance, AHR ligands, including TCDD,
induce Idol and 1110 in monocytes and DCs derived from mice and humans [6, 24-26, 53].
In this study, we found that Ido1 was more strongly induced in sorted DCs, whereas AHR-
mediated elevation in 1110 expression was more pronounced in sorted CD11¢* macrophages.
The idea that AHR selectively induces gene expression in distinct subsets of CD11c* cells
suggests that AHR's down-regulatory action derives from the confluence of AHR-mediated
alterations in regulatory pathways in multiple cell types, including DCs and monocytes/
macrophages.

The appreciation that AHR modulates immune responses not by controlling the function of a
single cell type, but by affecting the integrated functions of multiple cell types is supported
by findings using conditional knockouts [72]. While the reduced CTL response in the lung
was fully reversed by ablating Ahr in CD11c lineage cells, suppression of CD8* T cell
activation in lymph nodes was only partially affected. In the lung, AHR-mediated events in
DCs and CD11c* macrophages could contribute to negative regulation of the response to
infection. As this is teased out further, it will be important to bear in mind that AHR may
differentially alter the function of these two subsets of CD11c* cells, which could act
together or separately to influence host responses to infection. In contrast, CD8* T cell
suppression in the MLN also requires AHR in other cell types. One candidate is
plasmacytoid DCs (pDCs) because they contribute to antiviral host defenses, but also exhibit
regulatory functions, including Ido1 and downstream production of regulatory tryptophan
metabolites [73, 74]. Given that pDCs express lower levels of CD11c, it is uncertain whether
loxP flanked genes are fully ablated in CD11c!® cells [62, 63]; thus they may retain AHR
and contribute to poorer CD8* T cell response in the MLN in the CD11cS€AhrXX mice. In
the context of the conditional knockouts it is unclear whether pDCs are sufficient to explain
the partial effect observed in the MLN. Another likely candidate is CD4* Treg cells. AHR
activation by several ligands, including TCDD, induces Treg cells in a variety of disease
models [4, 5, 18, 66, 75]. It remains less clearly defined precisely how AHR does this; and it
may use different mechanisms to enhance the number of Treg cells depending on the type of
antigen, tissue localization, and even AHR ligand involved. A transient increase in Treg
cells has been reported after influenza virus infection, although their role has yet to be
defined [76]. Yet, they are a logical candidate population because reciprocal interactions
between Treg cells and DCs have been reported. For example, Treg cells can inhibit stable
contacts between T cells and DCs, and improperly matured DCs can induce Treg cells [77-
80]. Moreover, during respiratory syncytial virus infection, Treg cells modulate CD8* T cell
responses and tissue inflammation [81]. Therefore, AHR may reduce the activation of naive
CD8* T cells in the lymph nodes by reducing the response of conventional,
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immunostimulatory DCs, and by increasing down-regulatory immune functions, perhaps via
Treg-DC cross-talk and/or Treg-CD8 interactions.

In summary, the work presented here expands our understanding of how the AHR regulates
immune responses. In addition to influencing CD4 lineage cells, progression of autoimmune
diseases, and Gl tract homeostasis, AHR is an important and potent regulator of DC
responses during acute respiratory viral infection. Whether this reflects a particularly unique
role of AHR in the context of viral infections, or pertains more generally to AHR regulation
of factors that control naive CD8* T cell activation remains to be determined. The large
descriptive database demonstrating that exposure to a variety of AHR ligands profoundly
affects Thl, Th2, Th17, and CD8* T cell responses in numerous different models, which
include replicating, non-replicating, pathogenic and non-pathogenic antigens, speaks to a
more global pathway regulated by AHR. Moreover, when considering the mechanism by
which AHR ligands modulate the immune system, it is likely that AHR controls events in
more than one cell type, which act together to alter host immune responses. This concept
suggests that further understanding of AHR immunobiology needs to be undertaken using in
vivo model systems, such that the complex impact of AHR signaling on cell-cell interactions
and cellular trafficking can become fully appreciated.

Materials and methods

Mice and treatments

C57BL/6 (B6), C57BL/10 (B10), and B6.Cg-Tg (Itgax-cre)1-1Reiz/J (CD11cC") mice were
purchased from the National Cancer Institute (Frederick, MD) or from The Jackson
Laboratory (Bar Harbor, ME). Dr. Christopher Bradfield (University of Wisconsin,
Madison, WI1) provided breeding stock of B6 Ahr~/~, Ahrdod/dod gng Anr™/ mice, and Dr.
Demetrius Moskophidis (Medical College of Georgia, Augusta, GA) and Dr. Dimitris
Kioussis (National Institute for Medical Research, London, UK) provided F5 TCR
transgenic mice (F5 mice). Colonies are maintained at URMC. Ahrdbd/dbd and Ahr =/~ mice
were backcrossed onto a B6 genetic background possessing the Ahrd allele. B6.Ahr?/d mice,
maintained at URMC, were used as controls for AhrdPddbd mytant and Ahr='~ mice. Total
DNA from ear tissue was extracted using QlAamp DNA Mini Kit (QIAGEN, Valencia,
CA), and genotyping was performed by PCR using Ahr sense and antisense primers OL941
and OL942 (Integrated DNA Technologies (IDT), San Diego, CA) as described previously
[61]. Conditional knockout CD11cS€Ahr™™ mice were generated in our laboratory by
crossing male CD11c%® mice with female Ahr®/™ mice. Genotyping was performed by PCR
using ear punch DNA, as described above, with CD11c Cre transgene (5'-
ACTTGGCAGCTGTCTCCAAG-3'; 5-GCGAACATCTTCAGGTTCTG-3', IDT) and
Ahr®¥™ sense and antisense primers (OL4062, OL4064 and OL4088, IDT), as described
previously [82]. The F5 mice were derived using a TCR isolated from a cytotoxic T cell
clone that recognizes amino acids 366-374 of the nucleoprotein (NP3gg.374) Of influenza
virus strain A/Memphis/102/72 in the context of H-2DP [83], and were maintained and
phenotyped as described previously [20]. All mice were housed in pathogen-free micro-
isolator cages, kept on a 12-h light/dark cycle, and provided food and water ad libitum.
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2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; =99% purity, Cambridge Isotope Laboratories,
Woburn, MA) was diluted in peanut oil. For all experiments, seven to eight week old mice
received a single oral treatment of TCDD by gavage one day before infection. Control mice
received the peanut oil vehicle in the same manner. The LDz of TCDD in B6 mice (Ahrob)
is 114 pg/kg [84]. Mice on the B6 and B10 genetic background are Ahr® and were
administered 10 pg TCDD per kg of body weight. Lineages expressing Ahr?d encode a
protein with 10-fold lower binding affinity for TCDD, and thus require a 10-fold higher dose
of TCDD than the Ahrb/® allele mice in order to elicit similar effects [85]. Therefore
B6.Ahrd/d Anrdod/dbd  An XX and CD11cCreAnr™/™ mice, which express Ahrd/d allele, were
treated with 100 pg/kg of TCDD. Importantly, B6.Ahr%d mice dosed with 100 pg/kg TCDD
present the same magnitude defect in their CD8* T cell response to influenza virus infection
as B6.AhrP® mice given 10 pg/kg, indicating they are sensitive to this immunomodulatory
effect [20, 72].

Mice were anesthetized by i.p. injection of Avertin (2,2,2-tribromoethanol; Aldrich,
Milwaukee, WI) and inoculated i.n. with 25 l sterile PBS containing 1 x 107 PFU of
influenza virus strain A/Memphis/102/72 (Mem/102; H3N2). In some experiments, CFSE
(Invitrogen, Grand Island, NY, 25 mM in DMSO) was diluted in sterile endotoxin-free PBS
to a concentration of 8 mM. One day prior to infection, mice were anesthetized and given 50
ul of diluted CFSE (i.n.). The University of Rochester Institutional Animal Care and Use
and Institutional Biosafety Committees reviewed and approved all procedures involving
laboratory animals and infectious agents. The University of Rochester is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC), and
handling of vertebrate animals is conducted following guidelines set for by the U.S. Public
Health Service Policy on Humane Care and Use of Laboratory Animals.

Collection and preparation of immune cells

To obtain lung-derived immune cells, pulmonary vessels were perfused with 5 ml of 0.6
mM EDTA/PBS, and lungs were digested with collagenase, as previously described [86].
Single cell suspensions of MLN or spleen were prepared as previously described [12].
Erythrocytes were removed using an ammonium chloride lysing solution, and then cell
suspensions were washed, passed through a cell strainer, and kept on ice until labeling,
further cell isolation, or use in an assay. The number of viable cells in each sample was
determined using TC10 Automated cell Counter (Bio-Rad, Hercules, CA).

Flow cytometry

Cells were incubated with anti-mouse CD16/CD32, and stained with previously determined
optimal concentrations of the following fluorochrome-conjugated mAbs: CD3 (145-2C11),
CD8 (53.67), CD11b (M1/70), CD11c (N418), CD40 (1C10), CD44 (IM7), CD45.2 (104),
CD62L (MEL-14), CD103 (M290), IFNy (XMG1.2), MHC class Il (M5/114.15.2), and
VB11 (RR3-15); purchased from eBioscience, BD Biosciences or BioLegend. Virus-specific
CD8* T cells were further identified using MHC class | tetramers corresponding to a major
Mem/102 influenza A virus epitope (DP/NP3gs.374), as described [15]. Intracellular IFNy
staining was performed as described previously [86]. To measure apoptosis, Annexin V
(eBioscience) and Live/Dead Fixable Dead Cell Stain kit (eBioscience) were used, as per the
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manufacturers' recommendations. Data acquisition was performed using LSR-II cytometers
(BD Biosciences). A combination of fluorescence minus one (FMO) controls and isotype-
matched fluorochrome-labeled antibodies were used to define gating parameters. Doublet
discrimination and viable cell gating was used according to gating strategies presented in
Supporting Information Fig. 4. Data analyses were performed using FlowJo software (Tree
Star, Ashland, OR).

Cellular isolation and sorting

Naive F5 CD8* T cells were negatively isolated from spleens of 7-8 week old untreated F5
mice using a MagCellect Mouse Naive CD8 T Cell Isolation Kit (R&D System,
Minneapolis, MD). The purity of naive F5 CD8" T cells (CD8*Vp11*CD441°CD62L ") was
>95%. Cells from lung or MLN of infected mice (+AHR activation) were pooled and
CD11c* cells were enriched using Mouse CD11c Microbeads Kit (Miltenyi Biotec, Auburn,
CA). Enriched cells were stained with fluorochrome-conjugated mAbs for sorting (FACS
Aria). All sorted DCs were resuspended in RPMI1640 media containing 10% FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 50 uM 2-
mercaptoethanol, 100 U/ml penicillin, and 100 pg/ml streptomycin.

Ex vivo DC function assay

MLN DC subsets from either vehicle control or TCDD treated infected mice were isolated
as described above, and used to stimulate naive F5 CD8* T cells ex vivo [20]. Briefly,
isolated naive F5 CD8* T cells labeled with 2 uM CFSE were co-cultured in 96-well plates
with serially diluted, sorted DC subpopulations. After 3 days in culture, cells were collected
and stained with antibodies to CD3, CD8, and CD44 for flow cytometric analysis. For data
analysis, CD11c* and MHCII* cells were excluded, and F5 cells were identified as
CD3*CD8* cells. Activated F5 CD8" T cells were defined based on up-regulation of CD44
and loss of CFSE staining (CFSEYayCD44M). Culture supernatants were collected and the
concentration of IFNy was measured using an ELISA (BD Biosciences).

Real-time PCR analysis

Total RNA was isolated from sorted lung CD11¢c*Macs, DCs, CD11b*DCs, CD103*DCs,
and liver tissue using RNeasy Mini Kit (QIAGEN), and quantified using a NanoDrop
(Thermo Scientific, Wilmington, DE). RT was performed using SuperScript 1l (Invitrogen).
For gene-specific amplification, the following primers were used: mouse Cyplal

(5B TTTGGAGCTGGGTTTGACAC3', 55CTGCCAATCACTGTGTCTAS'; IDT), 11-10
primer-probe mixture (Applied Biosystems), 1dol primer-probe set (QIAGEN) or Ahr
primers (QIAGEN). Real time-RTPCR was performed using a Bio-Rad iCycler MyiQ2 with
IQ SYBR Green Supermix (Bio-Rad) or primer-specific probes. L13 was used as and
internal control gene (5'CTACAGTGAGATACCACACCAAGS;
5TGGACTTGTTTCGCCTCCTC3', IDT). Changes in the expression of a particular gene,
compared to the same (sorted) cell type from vehicle-treated mice and normalized to the
housekeeping gene L13, were calculated using the 272AC+ method [87].
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Statistical analyses

Statistical analyses were performed using JMP 9.0.0 (SAS Institute, Cary, NC) or Prism 6
(GraphPad Software, La Jolla, CA). Differences between means of multiple independent
variables were compared between each genotype, time, and/or treatment group using one-
way ANOVA followed by post-hoc tests (Tukey HSD). Differences between vehicle and
TCDD treatment groups within the same genotype and at a single point in time were
analyzed using a Student's t-test. Differences in mean values were considered significant
when p < 0.05, with p values indicated in legends for significant differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AHR activation reduces the number of CD11b* and CD103* DCs in the MLNs. Female B6

mice were dosed orally with 10 pg/kg of TCDD (TCDD-treated group, T) or peanut oil
(vehicle-treated group, V) one day prior to influenza A virus infection (i.n., Mem/102,
H3N2). MLN cells were collected 3 days later and stained with mAbs for flow cytometric
analysis. (A) Doublet discrimination and live cell gating was used following strategies
outlined in Supporting Information Fig. 4A. Two distinct populations of CD11c* cells in the
MLN: CD11cNiMHCII'® cells (R1 gate, monocytes) and CD11c*MHCIIN cells (R2 gate,
DCs). DCs are further analyzed to enumerate CD11b*DCs (R3 gate) and CD103*DCs (R4
gate). (B) The average percentage and number of DCs in the MLN. (C) The number of
CD11b*DCs and CD103*DCs in the MLN. (D) Representative histograms of CD40
expression on the indicated DC subsets. Gray filled histograms depict the CD40 FMO
controls; black lines indicate CD40 on cells from the vehicle group and dashed lines indicate
CDA40 from TCDD treatment group. The bar graph shows the average CD40 MFI in each
DC subset from each treatment group. Data are shown as mean £ SEM (n = 7/group) from
one experiment that is representative of 3 independent experiments. *p < 0.05, **p < 0.01,
two-tailed unpaired Student's t-test.
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A. CFSE* cells among DC subsets B. CFSE* DC subsets in MLN
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Figure2.
AHR activation reduces lung DC migration to the MLN. Mice were treated and infected as

described in Fig. 1, except that they were given CFSE (i.n.) 18 h before infection. On day 3-
post infection, MLNs were removed and processed for flow cytometry. CD11b* and
CD103* DCs are defined as described in Fig. 1A, and the frequency of CFSE* DCs was
analyzed. CFSE™ cells were defined using MLN cells from mice that received media i.n.
(FMO control). (A) Numbers on each gated region indicate the percentage of CFSE* cells
among CD11b* or CD103* DCs. (B) Bar graphs depict the average number of
CFSE*CD11b* and CFSE*CD103* DCs in the MLN. Data are shown as mean + SEM (n =
7/group) from one experiment that is representative of two independent experiments. *p <
0.05, ****p < 0.0001, two-tailed unpaired Student's t-test.
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Figure 3.
AHR activation reduces the ability of CD103*DCs to stimulate naive virus-specific CD8* T

cells. (A) The overall approach: mice were treated and infected as described in Fig. 1. On
day 3-post infection MLN cells were pooled from mice in the same group (=30 mice/group)
and stained with fluorochrome-conjugated mAbs. Using the same gating strategy as in Fig.
1A, DCs were sorted to obtain CD11b*DCs and CD103*DC (purity of sorted subsets
>95%). Sorted DCs were serially diluted and used to stimulate CFSE-labeled naive (CD44!°)
F5 CD8* T cells (2x10° cells/well), in a range from 4:1 to 32:1 T cells:DCs. Cells were
collected after 3 days of ex vivo co-culture and stained for flow cytometric analysis. DCs in
the co-culture were excluded and CD3*CD8* cells were used to identify F5 CD8" T cells
(Supporting Information Fig. 4B). (B) Number on each dot plot indicates the percentage of
activated (CFSEYecayCD44N) F5 CD8* T cells after culture with CD103*DCs (16:1 T:DC
ratio) or CD11b*DCs (8:1 T:DC ratio). “NO DCs” shows CFSE-labeled naive F5 CD8* T
cells cultured in the absence of antigen-bearing DCs. (C) Bar graphs show the number of
activated F5 CD8" T cells stimulated by CD103*DCs derived from MLN of vehicle (V) or
TCDD (T) treated mice, and (D) IFNy levels in corresponding co-culture supernatants.
Other controls include the use of sorted CD11c""MHCII' cells from Mem/102 infected
mice, and isolated CD11c* cells from mice infected with HKx31, a strain that cannot be
recognized by F5 transgenic CD8* T cells. These cells failed to stimulate CD8* T cell
activation at any T cell:DC ratio used (not shown). Data shown are from one experiment that
is representative of two independent experiments with the same results.
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Lung-derived immune cells
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Figure4.
AHR activation modulates DCs in the lung. Female B6 mice were treated and infected as

described in Fig. 1, and sacrificed on the indicated day relative to infection. Lung-derived
immune cells were obtained using collagenase digestion and stained with fluorochrome-
conjugated Abs. (A) Following gating to exclude doublets, dead and autofluorescent cells
(Supporting Information Fig. 4C), CD45.2*CD11c" cells were divided into two sub-
populations: CD11cMMHCII' cells (R1 gate, CD11c*Macs) and CD11c*MHCIIN cells (R2
gate, DCs). DCs were further analyzed as CD11b*DCs (R3 gate) and CD103*DCs (R4
gate). Numbers on dot plots show the average percentage of cells in the gated region. Panels
B and C show the percentage of CD11c*Macs and DCs, D and E depict number of
CD11c*Macs and DCs in the lung. Panels G and H show the percentage of CD11b* and
CD103" cells among DCs, and | and J depict the number of CD11b* and CD103* DCs in
the lung. Data are shown as mean = SEM (n = 7-8/group) are from one experiment that is
representative of at least two independent experiments with same results. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA followed by Tukey HSD.
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Figureb.
Cell type specific AHR-mediated changes in gene expression. Female B6 mice were treated

and infected as described in Fig. 1. (A) Lung-derived CD11c™ cells were enriched using
mouse CD11c microbeads and then sorted into CD11c* Macs (R1 gate) and DCs (R2 gate);
purity =299%. Total RNA was isolated from sorted cells, and Cyplal, Idol, and 11-10 gene
expression determined by quantitative real time PCR. (B,C) The average fold change
(AACT) in gene expression compared to vehicle-treated mice and normalized to L13 is
shown for sorted (B) DCs and (C) CD11c*Macs. V, indicates vehicle treatment group, T
indicates TCDD treatment group. Data are shown as mean £ SEM (n=3 separate pools/
group; where each pool consisted of cells from 10-15 mice). *p < 0.05, two-tailed unpaired
Student's t-test. Data are representative of two independent experiments with same results.
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A. DCs in MLN
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Figure®6.
Alterations in DC subset distribution require the ligand-activated AHR have a functional

DNA binding domain. Female B6 congenic (Ahr?d) and Ahrded/dod mytant mice received a
single oral dose of either peanut oil or TCDD (100 pg/kg) one day before infection (i.n.).
Three days later, MLN cells were collected, stained with mAbs, and data were analyzed as
described in Fig. 1A. (A) The number on each gated region shows the average percentage of
DCs in each group, and bar graphs depict the average number of DCs in the MLN. (B) The
graphs show the number of CD11b*DCs (left) and CD103*DCs (right) in the MLN. (C) The
bar graphs depict the CD40 MFI in each DC subset. Data are shown as mean £ SEM (n = 5-
6/group) from one experiment representative of three performed. *p < 0.05, **p < 0.01
compared within genotype using one-way ANOVA with post hoc tests.
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A. Excised Ahr gene in CD11c* cells
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Figure7.
Excision of Ahr in CD11c* cells restores TCDD-induced decrease in virus-specific CD8* T

cells in the lung. (A) Splenic CD11c*MHCII* cells from Ahr™™X and CD11cCreAhr™X mice
were stained with Abs and sorted (FACS Aria). Genomic DNA from sorted cells was used
to validate expression of the excised and unexcised Ahr™ gene by PCR. (B and C) Ahr™¥/f
and CD11cCreAhrX™ mice were treated and infected as described in Fig. 6. On day 9 post
infection, lung-derived immune cells (B) and MLN cells (C) were stained with MHCI
tetramers (DP/NP3g6_374) or anti-IFNy Ab combined with anti-CD8 Ab. Doublets and dead
cells were gated out (Supporting Information Fig. 4D and 4E). Numbers on each gated
region of representative dot plots show the percentage of DP/NP3gg_374* or IFNy* CD8* T
cells in the lung and MLN. Bar graphs depict the number of NP-specific CD8* T cells and
IFNy* CD8" T cells in each compartment. V, indicates vehicle treatment group, T indicates
TCDD treatment group. Data are shown as mean £SEM (n=7-8/group) from one of two
independent experiments with same results. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 compared with V group of same genotype; # p < 0.05 compared with Ahr¥™X group
treated with TCDD; one-way ANOVA follow by post-hoc test (Tukey HSD).
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