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A coordinated innate and adaptive immune response, orches-
trated by antigen presenting cells (APCs), is required for effective
clearance of influenza A virus (IAV). Although IAV primarily infects
epithelial cells of the upper respiratory tract, APCs are also suscep-
tible. To determine if virus transcription in these cells is required
to generate protective innate and adaptive immune responses,
we engineered IAV to be selectively attenuated in cells of hema-
topoietic origin. Incorporation of hematopoietic-specific miR-142
target sites into the nucleoprotein of IAV effectively silenced
virus transcription in APCs, but had no significant impact in lung
epithelial cells. Here we demonstrate that inhibiting IAV repli-
cation in APCs in vivo did not alter clearance, or the generation
of 1AV-specific CD8 T cells, suggesting that cross-presentation
is sufficient for cytotoxic T lymphocyte activation. In contrast,
loss of in vivo virus infection, selectively in APCs, resulted in
a significant reduction of retinoic acid-inducible gene I-dependent
type | IFN (IFN-1). These data implicate the formation of virus
replication intermediates in APCs as the predominant trigger of
IFN-1 in vivo. Taking these data together, this research describes
a unique platform to study the host response to IAV and provides
insights into the mechanism of antigen presentation and the
induction of IFN-I.
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Inﬂuenza A virus (IAV) primarily infects epithelial cells of the
upper and lower respiratory tract. However, IAV is also ca-
pable of infecting cells of the immune system, specifically antigen
presenting cells (APCs), such as dendritic cells (DCs) and mac-
rophages (1-6). The body’s defense to IAV infection requires
a coordinated response from both the innate and adaptive arms
of the immune system to control, and ultimately clear, the in-
fection. This process demands cellular recognition of IAV, which
is mediated through pathogen recognition receptors (PRRs) that
include the Toll- and retinoic acid-inducible gene (RIG)-I like
receptors (TLRs and RLRs, respectively) (7). PRRs recognize
various pathogen-associated molecular patterns (PAMPs) that,
in the case of IAV, can include RNA containing an exposed
S’triphoshate or other RNA structures foreign to the cell (8).
PAMP recognition culminates in the activation of three tran-
scription-factor families and assembly of a multisubunit structure,
termed the enhancesome, which is responsible for induction of
type I IFN (IEN-I) (9, 10). Following IAV infection, DCs and
macrophages, as well as infected epithelial cells, produce IFN-I in
an effort to curb early virus replication (11, 12). Although IFN-I
induction in IAV-infected epithelial cells has been clearly dem-
onstrated to be mediated by RIG-I, it is still unclear whether
TLRs play a more dominant role in the induction of IFN-I from
hematopoietic cells (8).

Following IAV infection and the induction of IFN-I, macro-
phages and DCs migrate from the lungs into the draining lymph
node (LN), where further cytokine production orchestrates the
development of an adaptive immune response (13). Within the
draining LN, DC subsets, primarily CD103* DCs that migrated
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from the infected respiratory tract, as well as LN resident CD8a*
DCs, present antigen to CD8 T cells (14-18). These DCs can
acquire IAV antigens by at least three distinct mechanisms: (i)
through direct infection, (i7) through phagocytosis of necrotic or
apoptotic IAV-infected epithelial cells, or (iii) through membrane
exchange with infected cells and transfer of peptide-loaded MHC
I (1-6, 19-22). Importantly, antigen presentation by CD103* DCs
and CD8a™ DC subsets can be mediated by any one of these three
processes (23-25). Because IAV has been found to replicate in
both lung epithelial cells and APCs in vitro and in vivo (1-6, 20—
22), the mechanism of antigen presentation during in vivo in-
fection remains controversial. In an effort to address the hema-
topoietic requirements for IFN-I induction and antigen acquisition
in response to IAV, we used microRNA (miRNA)-mediated
targeting to silence replication selectively in APCs.

Noncoding small RNAs, such as miRNAs, are ~22 nt regu-
latory RNA species that mediate repression of mRNA with
partially complementary sequences (26). Although miRNA ex-
pression is generally broad, subsets of miRNAs are expressed in
a cell type- or tissue-specific manner (27). For example, miR-122
expression is primarily restricted to the liver and miR-142 to cells
of hematopoietic origin, but miR-93 is ubiquitously expressed in
all mammalian tissues (27). The diverse expression profiles of
miRNAs provide a unique tool by which virus transcription can
be controlled through exploitation of the small RNA silencing
potential. Previous work from our group and others have dem-
onstrated that insertion of complementary miRNA target
sequences into the genome of a virus transforms that miRNA
into an effective short interfering RNA (siRNA) (28-34). For
example, incorporating miR-93 target sites into the nucleopro-
tein (NP) gene of IAV demonstrated that virus replication was
inversely proportional to miR-93 levels both in vitro and in vivo
(28). These data suggested that this approach could be expanded
to use cell-specific miRNAs to determine the contribution of
IAV replication to the generation of the innate and adaptive
immune responses.

In this article we demonstrate that targeting IAV NP by the he-
matopoietic-specific miRNA, miR-142, ablates replication, as de-
fined by sustained RNA-dependent RNA polymerase activity,
selectively within immune cells. Generation of this engineered tro-
pism-restricted virus demonstrated that the inability of IAV to rep-
licate within hematopoietic cells did not alter virus clearance or the
generation of IAV-specific CD8 T-cell responses. These data suggest
that, in vivo, cross-presentation is sufficient to induce functional CD8
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T cells. In contrast to antigen acquisition, loss of hematopoietic
replication did have consequences on the cytokine response to virus
infection. Loss of virus replication in hematopoietic cells resulted in
a significant decrease of RIG-I-mediated IFN-I. Taken together,
these results demonstrate that virus replication in hematopoietic
cells is required for optimal virus sensing but is dispensable for the
proper orchestration of the adaptive immune response.

Results

Targeting of 1AV by a Hematopoietic Cell-Specific miRNA. To ensure
TIAV did not alter endogenous miRNA profiles and, therefore,
could be used as a tool to study aspects of the immune response
in vivo, human pulmonary epithelial cells were infected and ana-
lyzed by deep sequencing. These data demonstrated that the levels
of miRNAs were not significantly changed in response to virus
infection and confirmed that the utilization of miRNAs to silence
infection could provide a useful tool to study the in vivo immune
response to IAV (Fig. S1). In an effort to generate a recombinant
TAV strain incapable of replicating within cells of hematopoietic
origin, we inserted four perfect miR-142 target sites into the NP
gene (NP142t). To retain replication competency, we duplicated
the packaging sequence of segment five, thereby generating a bona
fide 3’ UTR in which to incorporate miRNA targets or length-
matched random RNA (NPctrl) (Fig. S24).

In an effort to monitor the silencing potential of miR-142, we
compared virus infection in unmodified Madin Darby canine kid-
ney (MDCK) cells to MDCK cells engineered to express miR-142
(MDCK142) (Fig. S2B). To directly assess virus targeting, we first
chose to evaluate the levels of small viral RNA (svVRNA), as this
IAV-specific product accumulates to greater than 100,000 copies
per cell and is required to complete the virus life cycle (35, 36).
These data found that, despite the robust signal of svRNA in IAV-
infected MDCK cells, MDCK142 selectively suppressed svRNA
detection following NP142t infection (Fig. 14). To confirm the loss
of virus replication and measure the degree of primary transcrip-
tion in the presence of miR-142, we next ascertained the levels of
virus cRNA and mRNA, respectively. In accordance with the small
RNA profile of IAV, miR-142 expression selectively abolished
both viral mRNA and cRNA, suggesting that the incoming virus is
targeted rapidly and efficiently (Fig. S2C). To further assess the
quantity of viral protein generated in the presence of miR-142, we

performed Western blot analysis and found that, as expected, NP
levels were undetectable in the context of miRNA-targeting (Fig.
1B). To ensure that the targeted virus did not demonstrate altered
fitness in the absence of cognate miRNA, we performed multicycle
growth curves in MDCK cells, comparing NP142t to NPctrl. These
results demonstrated no discernable difference in virus replication
in the absence of miR-142, in stark contrast to the greater than
three log-attenuation observed in a heterogeneous population of
cells expressing miR-142 (Fig. 1C).

Having demonstrated effective targeting of the NP142t virus in
cells expressing exogenous miR-142, we next sought to ascertain
the silencing potential of an endogenous model. To this end,
murine-derived bone marrow macrophages (BMM) were infec-
ted with either NPctrl or NP142t IAV and the level of replication
was assessed by IAV protein expression (Fig. 1D). Consistent
with the in vitro results from Fig. 14 and B and Fig. S2C, NP142t
replication was completely inhibited in cells expressing endoge-
nous miR-142. Conversely, primary lung fibroblasts, which do
not express miR-142, demonstrated comparable levels of NP
between the two recombinant virus strains (Fig. 1E).

We next determined if miR-142—targeted virus was silenced
in vivo. To this end, mice were infected with a high dose (10° pfu) of
targeted or untargeted IAV, and CD45*CD11c* DCs and CD45~
nonhematopoietic cells from the lungs were analyzed for surface
HA expression, a marker of IAV replication. Although HA surface
expression on CD45™ cells showed no significant difference in re-
sponse to control and miRNA-target targeted virus, the DCs
revealed a complete loss of NP142t virus replication (Fig. 24). To
further assess the effectiveness of miR-142 silencing of NP142t, we
measured the level of virus within the lung draining LN. Because
the only cells that migrate to the LN during IAV infection are cells
of hematopoietic origin, we reasoned this organ could also be used
as an in vivo measure of miR-142 silencing (37). In agreement with
in vitro, ex vivo, and DC HA surface expression in vivo results,
analysis of the LN also demonstrated a selective block of NP142t
virus replication (Fig. 2B), further suggesting that replication in
hematopoietic cells is abrogated in vivo.

Targeting of NP in Hematopoietic Cells Does Not Alter Virus Pathogenesis.
To ascertain whether the altered tropism of NP142t virus impacted
pathogenesis, mice were infected with NPctrl or NP142t viruses to
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or NP142t IAV at an MOI of 5 and protein analyzed as in B.
(E) Primary lung fibroblasts infected with NPctrl or NP142t
IAV at an MOI of 2 and protein analyzed as in B. Data are
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5 representative of two to three independent experiments.
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assess morbidity and mortality. We hypothesized that virus repli-
cation in APCs may be required for virus sensing by PRRs or direct
antigen presentation, either of which could lead to decreased virus
clearance and increased pathogenesis. However, intranasal ad-
ministration of either NPctrl or NP142t viruses did not demonstrate
any significant alteration in disease progression, both demonstrat-
ing a ~20% loss of weight between 8-10 d postinfection (dpi) be-
fore recovering without any incidence of mortality (Fig. 2C).
Similarly, the kinetics of virus replication and clearance from the
lungs was nearly identical between targeted and untargeted IAV
infection, with maximal titers observed ~2 dpi and dropping below
the limit of detection by 10-12 dpi (Fig. 2D). Importantly, se-
quencing confirmed that this lack of phenotype was not a result of
emergence of an NP142t escape mutant (Fig. S3). Taken together,
these results suggest NP142t virus replication is not impaired in
nonhematopoietic cells and that, despite its altered tropism, there is
no significant change in the morbidity or mortality of the infection.

Normal IAV-Specific CD8 T-Cell Response in the Absence of DC
Infection. Given the importance of hematopoietic cells in co-
ordinating the adaptive immune response, we decided to ascer-
tain if there was any measurable consequence to blocking IAV
replication in this cellular compartment. As previously noted,
DCs can acquire antigen and induce pathogen-specific CD8 T
cells through at least two distinct mechanisms: direct infection or
exogenous acquisition from IAV-infected cells (1-6, 19, 20-22,
38). Given the complete loss of targeted virus replication in the
presence of miR-142 (Fig. 1), we hypothesized that APC would
be unable to directly present antigen to naive CD8 T cells. To
test this theory, JAWS II APCs, which express miR-142 (Fig.
34), were infected with either NPctrl or NP142 and incubated
with NP3e6-specific CD8 T-cell hybridomas. Consistent with our
hypothesis and our previous results, there was a significant de-
crease in the level of direct antigen presentation during targeted
IAV infection, with activation levels similar to hybridomas in-
cubated with naive APCs or APCs treated with inactivated virus
(Fig. 3B).

Given the lack of direct presentation by APCs infected with
targeted IAV, we next sought to determine if presentation through
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exogenous antigen presentation pathways was capable of generat-
ing CD8 T-cell responses in vivo. To quantify this response, mice
were infected with NPctrl or NP142t IAV and IAV-specific CD8 T
cells were determined by tetramer analysis. NPctrl and NP142t
IAV demonstrated no significant difference in the number or fre-
quency of IAV-specific CD8 T cells at 9 dpi in C57BL/6 mice (Fig. 3
C and D) and 10 dpi in BALB/c mice (Fig. S4). To confirm that
IAV replication within APCs is not required for CD8 T-cell func-
tionality, the level of intracellular IFN-y production after peptide
restimulation was also assessed. Interestingly, there was a trend of
decreased IFN-y production during targeted IAV infection, but the
differences were not great enough to be statistically significant (Fig.
3 E and F). Despite small changes in the cytokine profile, compa-
rable levels of clearance mediated by CD8 T cells (39, 40) indicates
that cross-presentation or cross-dressed DCs are sufficient to
generate protective CD8 T-cell responses.

IAV Amplification Within Hematopoietic Cells Is Critical for Virus
Sensing. Cells of hematopoietic origin are vital for virus sensing
and the orchestration of the IFN-I-induced antiviral state. Be-
cause IAV is sensitive to relatively small amounts of IFN-I (41),
we decided to determine the scope of the IFN-I-mediated re-
sponse in NPctrl and NP142t virus infections, despite their
comparable level of pathogenesis (Fig. 2D). To determine
whether virus replication in hematopoietic cells impacted IFN-I
induction, primary BMMs and lung fibroblasts were infected ex
vivo with either NPctrl or NP142t viruses. Determining mRNA
induction of IFN-p and the IFN-stimulated gene, IRF-7, dem-
onstrated robust induction in both primary cell cultures in re-
sponse to NPctrl virus infection (Fig. 4 4 and B). In contrast,
induction of IFN-f and IRF-7 in response to NP142t infection
was inversely correlated to miR-142 expression, suggesting virus
replication was required for induction of the cell’s autonomous
antiviral defenses (Fig. 4 A and B). To extrapolate on these ex
vivo results, mice were infected with either NPctrl or NP142t
TIAV to ascertain the mRNA levels of IFN-f and IRF-7 within
the lungs. Interestingly, despite being composed of predomi-
nantly nonhematopoietic cells, infection with NP142t resulted in
a significant decrease of pulmonary mRNA levels for IFN-p and
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IRF-7 compared with untargeted virus (Fig. 4 C and D). Given
that levels of IFN-f and IRF-7 were similar in nontargeting cells
ex vivo (Fig. 4B), these data suggest that IAV replication within
hematopoietic cells, despite being a nonproductive site of in-
fection (42), is critical for the induction of the host innate re-
sponse to virus.

To extend this data further, we next sought to determine the
PRR responsible for the in vivo induction of the innate IFN-I re-
sponse. Although hematopoietic cells express both TLRs and
RLRs, the requirement for virus replication implicated intracellular
PAMP detection mediated through RIG-I. To test this hypothesis,
we infected primary BMMs and fibroblasts derived from RIG-17/~
or RIG-I*"* littermate controls with either NPctrl or NP142t. As
previously observed, NP142t-mediated IFN-p induction was in-
versely proportional to miR-142 levels, suggesting that replication
was required for the induction of IFN-I (Fig. 4 E and F). In addi-
tion, these data demonstrated a complete loss of IFN-f induction in
the absences of RIG-I, regardless of the virus model used (Fig. 4 E
and F). Importantly, lack of IFN-p induction was not a result of an
inherent defect in the ability to produce IFN-I, as transfection of
dsRNA, an MDAS substrate, resulted in high levels of IFN-f
message (Fig. S5). Taken together, these data suggest the pre-
dominant source of IFN-I during an in vivo infection derives from
a RIG-I-dependent, hematopoietic cellular source.

Discussion

Understanding the molecular basis for virus pathogenesis con-
sistently relies on manipulation of the host. Although these
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622 and 24 h later cells were irradiated and incubated with NP-
RGN specific CD8 T-cell hybridomas for 18 h and total number of
p-gal* cells enumerated per well. Data are representative of
three independent experiments with three to four samples
per group. P = 0.003 for NPctrl vs. NP142t. Mice were infected
with IAV NPctrl or IAV NP142t and 9 dpi lung cells analyzed by
FACS. (C) Representative FACS plots for CD3*CD8* cells ana-
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PA,,, tetramer® CD8 T cells. (E) Representative plots for
CD3*CD8" cells analyzed for intracellular IFN-y expression
following peptide restimulation. (F) Frequency (Left) and total
number (Right) of total IFN-y* CD8 T cells after IAV NP3¢¢ and
PA,,, peptide restimulation. Data are representative of four
independent experiments for tetramer analysis and two in-
dependent experiments for peptide restimulation with three
to four mice per group.

model systems have provided an invaluable understanding of
many immunological processes, the systems are limited by their
reliance on loss-of-function data. In an effort to improve upon
these methodologies, we chose to manipulate the pathogen
rather than the host by exploiting the cell-specific expression of
a miRNA. Here we use this technology to address fundamental
questions concerning the cellular contribution of cytokine pro-
duction and antigen presentation during IAV infection.

As TAV has been demonstrated to infect both lung epithelial
cells and APCs (1-6, 20-22), the in vivo contributions of these
two cellular compartments in cytokine signaling and antigen
presentation have remained unclear. Although APCs are known
to be critical for both of these processes, virus detection and
antigen acquisition can occur through cross-talk between infec-
ted epithelial cells or as a result of direct infection. To discern
between these two possibilities, we used an endogenous hema-
topoietic-specific miRNA, miR-142, to restrict IAV tropism in
immune cells while not altering fitness in airway epithelial cells.
Using this molecular tool, we demonstrate that although IAV
replication within immune cells is dispensable for the generation
of adaptive immune responses, it is required for optimal virus
sensing and the induction of IFN-I and the antiviral state.

Cross-presentation of virus antigens likely evolved as a strat-
egy to prime CD8 T cells from pathogens that replicate poorly in
APCs, or to generate CD8-mediated antitumor responses (43,
44). Given that IAV can replicate in APCs, we sought to de-
termine the primary route of antigen presentation to CD8 T cells
in vivo. Interestingly, utilization of an IAV strain, incapable of
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APC replication, and therefore direct antigen presentation,
demonstrated no defect in the generation of IAV-specific CD8 T
cells or in virus clearance. These data suggest that in vivo, pre-
sentation of exogenous antigen through cross-priming is suffi-
cient to generate protective cytotoxic T lymphocyte (CTL)
responses. Furthermore, these findings are consistent with pre-
vious results demonstrating that, in the absence of cross-pre-
sentation, virus-specific CD8 T cells are impaired (45, 46).
Additionally it has been demonstrated CD8 T cells generated
through cross-presentation are functionally equivalent to those
primed by direct presentation (47). Taking these data together,
this work explains the lack of phenotype with regards to NP142t
pathogenesis and suggests that the overwhelming development
of the adaptive response is not mediated by direct presentation.

In contrast to a lack of adaptive immune defects, loss of IAV
replication in APCs did result in aberrant innate signaling. The
cell’s autonomous response to virus infection is initiated by
PRRs, as a result of either intracellular or extracellular PAMP
detection, mediated by RIG-I/Mda5 or the TLRs, respectively
(48). Although epithelial cells primarily signal as a result of
intracellular detection, APCs—with their ability to phagocytose
and high basal expression of TLRs—can produce cytokines
through either pathway (49). In agreement with past studies
demonstrating that myeloid differentiation primary response
gene 88 signaling is not required to control early virus infection
(50, 51), our results indicate that virus replication and activation
of RIG-I is the primary source of virus-induced signaling re-
gardless of the cellular source. It is perplexing that inhibition of
virus replication within immune cells leads to such drastic
defects in overall IFN-I production, given that IAV replication
predominates in lung epithelia, where virus fitness is not al-
tered. This finding may reflect a bias in the ability of IAV to
subvert the innate sensing and production of IFN-I through NS1
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four samples per group.

at the site of replication (52). In this regard, the elevated ex-
pression of RLRs and antiviral signaling components in APCs
may better equip these cells for the recognition of invading
pathogens and provide the necessary redundancy to ensure in-
duction of IFN-I (53, 54).

Materials and Methods
Virus Design, Rescue, and Quantification. Further information regarding cloning,
rescue, and amplification of viruses can be found in S/ Materials and Methods.

Small RNA Northern Blot Analysis. Small RNA Northern blots and probe labeling
were performed as previously described (36). Probes used include: anti-sveRNA
5-AAAAANNNCCTTGTTTCTACT-3', anti-miR-142: 5- TCCATAAAGTAGGAAA-
CACTACA-3, and anti-U6: 5-GCCATGCTAATCTTCTCTGTATC -3'.

Protein and RNA Analysis. Protein was analyzed by standard Western blot and
RNA assessed by quantitative PCR. Further details regarding antibodies, reagents
primers and conditions used can be found in S/ Materials and Methods.

Mice and Virus Infection. BALB/c and C57BL/6 mice were purchased from
Taconic. RIG-I* and RIG-I"~ mice were kind gifts from Michael Gale, Jr. (Uni-
versity of Washington, Seattle, WA). Mice were anesthetized with isofluorane
and infected intranasally with 40 pfu, unless otherwise indicated. All experi-
ments involving animals were performed in accordance with the Mount Sinai
School of Medicine Institution of Animal Care and Use Committee.

MHC Class | Tetramers. IAV tetramers NPsgg (H-2D°/ASNENMETM) and PAy4
(H-2D®/SSLENFRAYV) were obtained from National Institute of Allergy and
Infectious Disease MHC Tetramer Core Facility (Atlanta, GA).

Flow Cytometry and Antigen Presentation Assay. Single-cell suspensions from
the lungs were stained with monoclonal antibodies or tetramers, fixed and
run on a BD FACS Calibur, and analyzed using FlowJo software (TreeStar).
Further information regarding antibody clones, peptide restimulation, and
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staining conditions, as well as antigen presentation assays, can be found in S/
Materials and Methods.

Generation of BMMs, Primary Lung Fibroblasts, and MDCK142 Cells. Details
regarding the culture of BMMs, primary lung fibroblasts, and generation of
miR-142 expressing cell line can be found in S/ Materials and Methods.

Statistical Analysis. Statistical analysis between datasets was performed using
a one-tailed Student’s t test. Differences were considered to be statistically
significant at P values at or below 0.05.
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