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ABSTRACT

Influenza virus infections represent a significant socioeconomic and public health burden worldwide. Although ferrets are con-
sidered by many to be ideal for modeling human responses to influenza infection and vaccination, efforts to understand the cel-
lular immune response have been severely hampered by a paucity of standardized procedures and reagents. In this study, we de-
veloped flow cytometric and T cell enzyme-linked immunosorbent spot (ELISpot) approaches to characterize the leukocyte
composition and antigen-specific T cell response within key lymphoid tissues following influenza virus infection in ferrets.
Through a newly designed and implemented set of serological reagents, we used multiparameter flow cytometry to directly
quantify the frequency of CD4� and CD8� T cells, Ig� B cells, CD11b� myeloid-derived cells, and major histocompatibility
complex (MHC) class II-positive antigen-presenting cells (APCs) both prior to and after intranasal infection with A/California/
04/09 (H1N1). We found that the leukocyte composition was altered at 10 days postinfection, with notable gains in the frequency
of T cells and myeloid cells within the draining lymph node. Furthermore, these studies revealed that the antigen specificity of
influenza virus-reactive CD4 and CD8 T cells was very broad, with recognition of the viral HA, NA, M1, NS1, and NP proteins,
and that total reactivity to influenza virus postinfection represented approximately 0.1% of the circulating peripheral blood
mononuclear cells (PBMC). Finally, we observed distinct patterns of reactivity between individual animals, suggesting heteroge-
neity at the MHC locus in ferrets within commercial populations, a finding of considerable interest in efforts to move the ferret
model forward for influenza vaccine and challenge studies.

IMPORTANCE

Ferrets are an ideal animal model to study transmission, diseases, and vaccine efficacies of respiratory viruses because of their
close anatomical and physiological resemblances to humans. However, a lack of reagents has limited our understanding of the
cell-mediated immune response following infection and vaccination. In this study, we used cross-reactive and ferret-specific an-
tibodies to study the leukocyte composition and antigen-specific CD4 and CD8 T cell responses following influenza A/Califor-
nia/04/09 (H1N1) virus infection. These studies revealed strikingly distinct patterns of reactivity between CD4 and CD8 T cells,
which were overlaid with differences in protein-specific responses between individual animals. Our results provide a first, in-
depth look at the T cell repertoire in response to influenza infection and suggest that there is considerable heterogeneity at the
MHC locus, which is akin to that in humans and an area of intense research interest.

Influenza A virus infections continue to cause seasonal epidemics
as well as occasional pandemics and thus remain a major cause

of morbidity and mortality worldwide (1–6). While incompletely
understood, it has been shown that disease severity is multifacto-
rial and governed by distinct characteristics of the virus and host.
Virulence factors include properties and/or mutations within the
hemagglutinin (HA) protein, which mediates viral infectivity
through regulation of receptor specificity (7, 8), transmissibility
(9, 10), and susceptibility to host proteases (11, 12). Additionally,
mutations within different components of the RNA polymerase
complex have been demonstrated to support enhanced replica-
tion of avian viruses in mammalian cells (13–16), while others
have been shown to alter pathogenicity by increasing apoptosis
(17), secretion of proinflammatory cytokines (18), suppression of
the innate immune response (19), and resistance to antiviral drugs
(20, 21). Host factors that have been found to contribute to dif-
ferences in disease severity include age (22, 23), preexisting im-

munity (24–26), innate and adaptive immune cell impairment
(27–29), interactions with the microbial environment (30, 31),
and genetic background (32, 33). Although routine vaccination
has proven to be the most effective defense against drifted and
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shifted variants, inclusion of antigenically mismatched strains has
led to poor efficacy against circulating viruses, and defining cor-
relates of immune protection remains challenging (34–37).

Compared to other animals such as mice, outbred domestic
ferrets (Mustela putorius furo) possess several important features
that make them ideal for modeling human influenza virus trans-
mission, disease, and vaccine efficacy. Ferrets are susceptible to
most human isolates of influenza virus, likely due in part to similar
profiles and distributions of sialic acid receptors within ferret and
human respiratory tracts, and share similar anatomy at the site of
viral replication, including a long upper respiratory tract. More-
over, unlike murine models of influenza infection, ferrets display
human-like symptoms and pathological changes, can transmit vi-
rus via respiratory droplets, and have a relatively long life span
(38–41). Collectively, these features present an excellent experi-
mental model to study influenza immunity. Thus, information
gained through the use of the ferret model has the potential to
reveal key molecular and cellular signatures associated with virus
evolution, mechanisms of vaccine-induced protection, and virus
transmission.

Despite these considerable advantages of the ferret model, the
largest obstacle to research progress has been a paucity of immu-
nological reagents. Gene expression studies, using information
gathered from the draft genome and cross-reactive probes for mi-
croarrays, have confirmed the biphasic kinetics of innate and
adaptive immune responses following viral infection (42–45).
While limited, serological reagents (46, 47) have been used in a
number of applications, including immunohistochemical analy-
ses to study pathological features of disease as it relates to the
virus/host interface (48). Additionally, other studies have quanti-
fied antibody-secreting cells within the draining lymph node in
live attenuated influenza virus vaccine (LAIV) recipients, finding
that the abundance of these cells inversely correlated with virus
replication during a heterologous virus challenge (49). Further-
more, in other vaccine/infection challenge experiments, the se-
rum HA antibody titer inversely correlated with viral load, pro-
viding insight into immune correlates of protection in the ferret
model (reviewed in reference 38).

Importantly, CD4� and CD8� T cells are also known to pro-
vide protection from influenza through multiple mechanisms, in-
cluding destruction of infected cells, production of antiviral cyto-
kines, and promoting recruitment of effectors to the site of
infection (reviewed in references 50, 51, and 52). Moreover, CD4
T cells are essential for B cell production of high-affinity, neutral-
izing antibodies as well as generation of memory B cells and long-
lived antibody-secreting cells. Previous studies using flow cytom-
etry approaches have tracked immune cell frequency in peripheral
blood over time following infection of ferrets with H1N1 and
H3N2 viruses, with differences in T cell representation noted with
virus strain and preexisting immunity (53). Moreover, a recent
study demonstrated that when antibody responses were within the
protective range, the CD3� gamma interferon-positive (IFN-��)
cellular response correlated best with reduced morbidity in an HA
DNA prime, adenovirus boost and challenge model using
A/South Carolina/1/18 (H1N1) virus (54). Finally, in a recent
study using licensed vaccines, protection from infection was bet-
ter correlated with the cellular response exhibited by LAIV naive
animals than with the response by those receiving trivalent inac-
tivated vaccine. The authors suggest that the cellular response may
be responsible for the notable efficacy of LAIV in young children

(49). While these studies and others have enhanced our under-
standing of the ferret cell-mediated immune response, none have
directly addressed the abundance and protein specificity of influ-
enza virus-specific CD4 and CD8 T cells in the context of primary
infection or the mobilization of distinct lymphoid subsets in dif-
ferent tissues.

In this study, we sought to gain a deeper understanding of the
ferret cellular immune response to infection with an influenza A
virus. We developed a novel CD4-specific monoclonal antibody
and screened commercially available antibodies for their ability to
recognize key ferret-specific leukocyte antigens. Antibodies to
CD4, CD8�, CD11b, major histocompatibility complex class II
(MHC-II), and immunoglobulin (Ig) allowed us to detect and
quantify various immune cell populations at the cellular level by
flow cytometry, lending insight into the cellular composition and
dynamics within lymphatic tissues pre- and postinfection. Fur-
thermore, monoclonal antibodies to CD4 and CD8� were used
for in vitro depletion experiments to perform specificity analyses
of influenza virus-reactive CD8 and CD4 T cells following intra-
nasal infection through the use of pools of overlapping peptide
libraries to the viral HA, neuraminidase (NA), nucleoprotein
(NP), nonstructural 1 (NS1), and matrix 1 (M1) proteins in
conjunction with IFN-� enzyme-linked immunosorbent spot
(ELISpot) assays. These experiments provide a first look into
the antigen-specific CD4 and CD8 T cell response, including
magnitude, host variability, and potential for protein-specific
preferences.

MATERIALS AND METHODS
Ethics statement. All ferret procedures performed in this study were in
accordance with Institutional Animal Care and Use Committee (IACUC)
guidelines, and animal protocols were reviewed and approved by the
IACUC of the Icahn School of Medicine at Mt. Sinai (LA12-00170 and
IACUC-2013-1408). All mice were maintained in a specific-pathogen-
free facility at the University of Rochester Medical Center (URMC) ac-
cording to institutional guidelines. All animal protocols used in this study
adhere to the AAALAC International, the Animal Welfare Act, and the
PHS Guide and were approved by the University of Rochester Committee
on Animal Resources, Animal Welfare Assurance number A3291-01.

Animals. Seven-month-old female ferrets were purchased from Mar-
shall Farms (North Rose, NY) and were confirmed to be seronegative to
influenza virus. A single 4-month-old male ferret purchased from Triple F
Farms (Sayre, PA) was also used in a separate study; it was mock immu-
nized and infected with A/California/4/09 (H1N1) by a natural aerosol
route, and tissues were harvested at 23 days postinfection (dpi). All tissues,
including lymph nodes, spleens, and whole blood, were collected and
shipped overnight from Mt. Sinai (New York, NY) to URMC (Rochester,
NY) at ambient temperature. For some analyses (see Fig. 7 and 8), data are
related by animal identification (ear tag).

Viruses and infection. A/California/4/09 (H1N1) was propagated in
8-day-old specific-pathogen-free embryonated hen’s eggs (Charles River,
North Franklin, CT, USA). Ferrets were provided water and food (high-
density ferret diet [5L14]; LabDiet, St. Louis, MO) ad libitum. Ferrets were
anesthetized by intraperitoneal injection of ketamine (10 mg/kg) and xy-
lazine (2 mg/kg) and infected intranasally with 10,000 PFU of virus. Pro-
ductive virus replication in infected ferrets was confirmed by measuring
viral titers collected from nasal washes at 1, 3, and 5 dpi (data not shown).

Isolation of PBMC and preparation of single-cell suspensions from
ferret tissues. Blood samples were collected from ferrets in EDTA collec-
tion tubes and shipped overnight. Whole blood was diluted to a final ratio
of 4 parts blood to 1 part Hanks buffered salt solution (HBSS) (Corning
CellGro) and layered over Ficoll-Paque Plus (GE Healthcare). Samples
were centrifuged at 800 � g for 20 min at room temperature with the
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brake off. The buffy coat was collected and washed, and cells were counted
for use in ELISpot and flow cytometry assays. Tissues were excised, me-
chanically dissociated, and passed through 40-�m nylon mesh filters to
produce single-cell suspensions in nutrient-supplemented Dulbecco
modified Eagle medium (DMEM) (Gibco) including 1% penicillin-strep-
tomycin– gentamicin and 10% heat-inactivated fetal bovine serum (FBS).
Contaminating red blood cells (RBC) present in the single-cell suspen-
sions were then lysed with RBC lysis buffer (Multispecies; Affymetrix
eBioscience) and washed prior to shipment. The average cell recovery for
each tissue was the following, represented as x/y, where x denotes naive
animals and y denotes animals at 10 days postinfection: peripheral blood
mononuclear cells (PBMC), 2.4 � 106/ml/2.9 � 106/ml; spleen, 4.1 �
108/1.3 � 109; cervical lymph node (cLN), 2.5 � 107/7.0 � 107; and
bronchoalveolar lavage (BAL) fluid, 3.1 � 106/5.7 � 106.

Derivation of ferret anti-CD4 antibody. Female BALB/c mice were
purchased from Charles River Laboratories and used at 2 to 4 months of
age. Mice were first vaccinated subcutaneously in the rear footpad with a
complete Freund’s adjuvant emulsion of ferret CD4 protein (25 �g/
mouse), purchased from Sino Biologicals. Mice were then boosted se-
quentially at two 4-week intervals with 25 �g CD4 in incomplete Freund’s
adjuvant (IFA) in the footpad, and finally 25 �g CD4 intravenously. At 3
days postboost, the mice were sacrificed and single-cell suspensions were
prepared from the spleens. Fusion was performed as previously described
(55), except that the fusion partner used was SP2-0 that had been trans-
fected with the gene encoding interleukin-6 (IL-6) (ATCC catalog num-
ber CRL-2016). After fusion, cells were plated by limiting-dilution clon-
ing and then initially screened based on enzyme-linked immunosorbent
assay (ELISA) reactivity with the ferret CD4 compared to an unrelated
recombinant protein (HA). Positive cells were subcloned again by limit-
ing-dilution cloning, and those cells arising from single cells were ex-
panded, retested by ELISA as described above for antibody production,
and cryopreserved. A single, high-producing clone was selected and ex-
panded in DMEM with low-IgG-containing serum (Gibco Life Technol-
ogies), and the supernatant was collected for antibody purification when
the culture was approximately 50% viable. The antibody was purified
from the supernatant via binding to PGS Plus (Thermo Fisher), elution
with McIlvaine’s buffer (pH 3.0) (0.2 M Na2HPO4, 0.1 M citric acid) in
1-ml fractions, and neutralization of eluted samples with 2 M Tris (pH
8.0). The eluted antibody was dialyzed with phosphate-buffered saline
(PBS) to remove all Tris and concentrated using Amicon spin concentra-
tors to a final concentration of 1 mg/ml. Purified antibody (100 �g) was
directly conjugated to Alexa Fluor 488, 555, or 647 using Molecular
Probes (Life Technologies) labeling kits according to the manufacturer’s
instructions.

Synthetic peptides and libraries. Seventeen-mer peptides overlap-
ping by 11 amino acids to encompass the entire sequences of the viral
proteins were obtained from the NIH Biodefense and Emerging Infec-
tions Research Repository, NIAID, NIH. They were reconstituted as 10
mM stocks using a dimethyl sulfoxide (DMSO)-water solution and di-

thiothreitol (DTT) for cysteine-containing peptides. The peptide arrays
used included influenza virus A/California/04/09 (H1N1) HA protein
(NR-15433), A/California/04/09 (H1N1) NA proteins (NR-18975),
A/New York/444/2001 NS1 (NR-2612), and A/New York/348/2003
(H1N1) NP (NR-2611) and M1 (NR-2613). A pool of irrelevant peptides
from Sin Nombre virus (NR-4764) was used as a negative control to ac-
count for any suppression from large pools of peptides. Peptides were
pooled such that each peptide was at a final concentration of 1 �M in the
assay. For the HA peptides, the pool was broken into two pools compris-
ing the amino-terminal portion (peptides 1 to 78) and the carboxy-termi-
nal portion (peptides 79 to 139) of the protein.

Flow cytometry. Single-cell suspensions were transferred into a 96-
well microtiter plate at a concentration of 10 to 20 million cells per ml and
washed twice in fluorescence-activated cell sorting (FACS) buffer (Dul-
becco’s PBS [DPBS] plus 2% heat-inactivated FBS), centrifuging at 400 �
g at 4°C using a Sorvall RT6000B with a HT1000B rotor. The LIVE/DEAD
Fixable Aqua dead-cell stain kit (ThermoFisher) was used as a viability dye
where specified according to the manufacturer’s instructions. Cells were
protected from light and surface stained in a final volume of 50 �l for
30 min at 4°C using antibodies shown in Table 1. Antibodies to CD4
(CL3.1.5), CD8 (OK-T8), CD11b (M1/70), MHC-II (L243), Ig (poly-
clonal antibody to IgA, IgM, and IgG), and Ly6c (AL-21) were directly
conjugated to fluorochromes and used to identify T cells, B cells, myeloid-
derived cells, and professional antigen-presenting cells (APCs). Cells were
then washed two times in FACS buffer and resuspended for data acquisi-
tion. Antibodies to CD20 (71) and CD79A (HM47) were used for intra-
cellular staining using the BD Cytofix/Cytoperm kit. For analytical stain-
ing experiments, events were collected using a 12-color BD LSR-II
instrument with 488-, 633-, and 405-nm lasers and FACS Diva software.
For FACS, a BD FACSAria instrument with 488-, 633-, 407-, and 522-nm
lasers was used, and events were collected through a 100-�m nozzle under
purity settings. All data files were analyzed using FlowJo software, version
8.8.7.

Reverse transcription-PCR (RT-PCR) assays. CD4 T cells, CD8 T
cells, and B cells were sorted using the BD FACSAria cell sorting system
described above. A minimum of 10,000 sorted cells were pelleted, and
total RNA was purified using the RNeasy Plus minikit (Qiagen) according
to the manufacturer’s guidelines. cDNA was synthesized from random
hexamers using the SuperScript IV reverse transcriptase kit (Invitrogen)
as per the manufacturer’s instruction. Input cDNA was normalized be-
tween samples to 600 ng/�l, with 2 �l spiked into a 25-�l PCR mixture
using Platinum Hot Start PCR 2� master mix (Invitrogen). A Bio-Rad
T100 thermal cycler was used to generate double-stranded DNA (dsDNA)
products using the following parameters: 94°C for 2 min (once), 94°C for
30 s (30 times), 45 to 50°C (annealing temperature 5°C below the melting
temperature [Tm] for each gene-specific primer set) for 30 s (30 times),
72°C for 1 min (30 times), 72°C for 5 min (once), and then 4°C. PCR
products were then loaded onto a 1% Tris-acetate-EDTA (TAE) agarose
gel in the presence of loading dye containing xylene cyanol, stained with

TABLE 1 Antibodies used for leukocyte identificationa

Antigen Alternative name(s) Specificity Clone Isotype Vendor

CD4 Ly-4, L3T4, T4 Ferret 3.1.5 Mouse IgG1 Sant lab (URMC)
CD8� CD8 alpha, Leu2, MAL, T8, p32 Human OK-T8 Mouse IgG2a TONBO
CD11b �M integrin, Mac-1, Mo1, CR3, Ly-40,

C3biR, ITGAM
Mouse/human M1/70 Rat IgG2b, � BioLegend

MHC-II HLA-DR Human L243 Mouse IgG2a, � BioLegend
IgA, IgG, IgM Immunoglobulin Ferret Polyclonal antibody Goat LSBio
CD79ab mb-1 Human HM47 Mouse IgG1, � eBioscience
CD20b MS4A1 Ferret 71 Rabbit IgG Sino
CD59 Ly6c Mouse AL-21 Rat IgM, � BD Pharmingen
a Single-cell suspensions derived from lymphatic tissues, including spleen and lymph nodes, were stained with each of the listed antibodies. Data were acquired using a BD LSR-II
instrument and analyzed using FlowJo software, version 8.8.7.
b Intracellular staining.
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ethidium bromide, and visualized using an Alpha Innotech gel imager and
AlphaEaseFC software. Primers were designed to amplify all predicted
transcript variants of the target gene if more than one variant was de-
scribed in NCBI’s PubMed resource (see Table 3).

Ferret ELISpot assays. ELISpot assays were performed as previously
described (56, 57). Ninety-six-well filter plates (Millipore) were coated
with 5 �g/ml purified anti-ferret IFN-� (clone MTF14; MabTech) in PBS
overnight and then washed and blocked with cell culture medium

FIG 1 Leukocyte composition by tissue at steady state. (A) Representative staining profiles of CD4�, CD8�hi, MHC-II�, and Ighi cells by tissue, depicted as histogram
plots. Results for peripheral blood mononuclear cells (PBMC), mediastinal LN (mLN), mandibular LN (mdLN), cervical LN (cLN), axillary LN (axLN), bronchoalveolar
lavage (BAL) fluid are shown. Percentages of T and B lymphocytes were derived from a lymphocyte gate based on forward scatter (FSC) versus side scatter (SSC). (B)
Frequency of positive events for each surface marker, with each symbol representing a single animal and mean values denoted by a horizontal line. Note that percent
CD8�� and Ig� represents the fraction of cells with high mean fluorescence intensity (MFI) expression.

TABLE 2 Summary of leukocyte composition by tissue at steady state

Tissue n

Frequency (%)

CD4 CD8 CD11b MHC-II Ig

Mean Range Mean Range Mean Range Mean Range Mean Range

PBMC 4 28.2 21.7–36.5 10.4 4.9–15.8 4.0 2.2–5.03 43.7 36.1–52.2 29.3 21.6–35.1
Spleen 4 7.1 3.4–9.3 7.4 5.5–11.1 17.5 13.7–26.3 43.2 36.2–54.0 26.9 21.8–36.8
mLN 2 36.1 33.9–38.2 16.0 14.0–17.9 5.2 4.2–6.3 33.0 31.2–34.8 14.6 13.5–15.7
mdLN 2 30.9 30.0–31.8 8.9 7.5–10.4 7.8 7.1–8.5 36.9 35.1–38.7 18.8 18.1–19.5
cLN 2 17.8 17.1–18.5 4.6 3.2–6.0 3.7 2.8–4.5 62.9 61.6–64.2 29.0 27.6–30.4
axLN 1 24.3 5.8 4.3 53.4 25.0
Gut LNs 2 24.7 23.2–26.2 5.0 4.9–5.1 4.4 4.0–4.9 56.5 56.3–56.6 27.7 27.0–28.4
BAL fluid 2 62.0 58.2–65.8 13.4 9.4–17.5 40.8 38.0–43.5 36.5 35.4–37.5 3.6 2.8–4.5
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(DMEM; Gibco Life Technologies). Undepleted ferret lymphocytes or
PBMC were plated at 300,000 cells per well with pools of peptides for 18 h
at 37°C in 5% CO2. Alternatively, splenocytes (300,000 per well) that had
been depleted of CD4 or CD8�hi cells using preparative flow cytometry
with antibodies described above and a BD FACSAria cell sorting system
were cultured with pools of peptides as described above. After incubation,
cells were removed from the plates by washing. Biotinylated anti-ferret
IFN-� (clone MTF19; MabTech) was added in wash buffer with 10% FBS
at 2 �g/ml and incubated at room temperature for 2 h. The plates were
washed, and then streptavidin-conjugated alkaline phosphatase (Jackson
Laboratories) was added, incubated for 30 min, washed, and developed
using Vector Blue substrate kit III (Vector Laboratories, CA) prepared in
100 mM Tris, pH 8.2. Quantification of cytokine-secreting cells was per-
formed with an Immunospot reader series 2A, using Immunospot soft-
ware, version 5.0.9.19.

RESULTS
Flow cytometry reveals the distribution and compartmentaliza-
tion of leukocytes at steady state. Because of the interest in and
value of studying the specificity, frequency, and abundance of im-
mune cells following infection and vaccination in ferrets, our first
goal was to identify and develop key antibody reagents that would
allow for the study of T and B lymphocytes, myeloid-lineage cells,
and antigen-presenting cells (APCs) within lymphoid organs (Ta-
ble 1). Consistent with other reports (53, 58), we observed that
human CD8� (OK-T8) and CD11b (M1/70) monoclonal anti-
bodies were cross-reactive in ferrets, allowing for identification of
conventional CD8 T cells and myeloid cells. Additionally, we
found a human HLA-DR monoclonal antibody (L243) that was
also cross-reactive, allowing the identification of both profes-
sional (dendritic cells, B cells, and macrophages) and nonprofes-
sional APCs. Because of the importance of identifying CD4 T cells,

FIG 2 Lymphocyte frequency is distinct within multiple tissue compartments
at steady state. (A) Lymphocyte composition, represented as a ratio of T cells
(summed means from CD4� and CD8�hi cells) to B cells (Ighi). (B) T cell
composition, represented as a ratio of CD4� to CD8�hi cells by tissue.

FIG 3 Phenotypic characterization of immune cells by flow cytometry. (A and B) CD8�� cells are heterogeneous, with high-MFI cells representing conventional
CD8 T cells and low/intermediate-MFI cells containing subpopulations of MHC-IIlo cells and CD11b� cells. (C and D) MHC-II� cells are heterogeneous, with
MHC-IIlo cells containing a subpopulation of CD11b� cells and MHC-IIhi cells containing a subpopulation of Ly6c� cells. (E and F) Ighi cells identify B cells. (G)
Igint cells contain myeloid-derived cells (CD11b). Data are representative from the spleens of at least two ferrets. Ighi B cells were pregated on live lymphocytes
that were SSC-Alo.
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we generated a high-affinity monoclonal ferret CD4 antibody
(3.1.5) using previously described methods (55). B cells were iden-
tified using a polyclonal antibody recognizing ferret IgA, IgM, and
IgG isotypes as well as CD20 and CD79a (see below).

To study the contribution of the different cell types following
infection in ferrets, we first sought to measure the leukocyte com-
position within various lymphatic tissues at steady state in animals
that were previously confirmed to be seronegative to influenza
virus. Shown in Fig. 1 and summarized in Table 2 are the flow
cytometry staining profiles and frequencies of CD4�, CD8��,
CD11b�, MHC-II�, and Ig� cells from peripheral blood, spleen,
and bronchoalveolar lavage (BAL) fluid. We also sampled the
lymph nodes that drain the upper and lower respiratory tracts and
other peripheral lymph nodes. Interestingly, the frequency of cells
expressing these markers varied dramatically among tissues. For
example, averaged CD4 T cell frequencies ranged from approxi-
mately 7% in the spleen to 28% in the PBMC and over 60% in the
BAL fluid, while CD8 T cells ranged from 5 to 16% depending on
the lymph node studied and were 13% in the BAL fluid. High
frequencies of MHC-II� cells were identified in all tissues, at ap-
proximately 37% in the BAL fluid, 45% in the spleen, and 33 to
63% in lymph nodes. Using the percentages of T cells and B cells
within each tissue, the relative ratios of the two populations was

determined and stratified by tissue (Fig. 2). While the ratios were
similar for the two cell types in the PBMC (1.3), cLN (0.8), axillary
LN (axLN) (1.2), and gut LNs (1.1), we found higher T cell/B cell
ratios in the mediastinal LN (mLN) (3.6), mandibular LN
(mdLN) (2.1), and BAL fluid (21.0) and a lower ratio in the spleen
(0.5) (Fig. 2A). Interestingly, when comparing the CD4 and CD8
T cell subsets, we found that a CD4/CD8 ratio of at least 2.0 was
observed within all tissues except the spleen, which had a more
balanced composition of 1.0 (Fig. 2B).

In addition to striking differences in cell frequency, we also
observed heterogeneity in the patterns of cell surface expression of
some markers within different tissues. Although expression of
CD4� cells appeared to be fairly uniform across tissues, we ob-
served a wider range of expression for CD8�� cells, particularly
within the spleen and BAL fluid relative to other tissues. In mice, a
subset of dendritic cells identified as CD8�� has been well char-
acterized (reviewed in references 59 and 60). To evaluate the pos-
sibility that some of the CD8�� cells were APCs, we performed
costaining experiments. Splenocytes stained with antibodies specific
for MHC-II and CD11b revealed subpopulations of CD8�lo/int

MHC-IIlo cells and CD11b� cells, whereas conventional CD8 T
cells were resolved based on high-density expression of CD8�
(Fig. 3A and B). Heterogeneity in the expression of MHC-II mol-

FIG 4 FACS sorting scheme for gene expression to validate antibody specificities.
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ecules was also observed, with subsets of CD11b� cells that were
MHC-IIlo and Ly6c� cells that were mostly MHC-IIhi, possibly
identifying subsets of granulocytes and/or macrophages and den-
dritic cells (Fig. 3C and D). Finally, in some tissues, we observed
distinct populations with intermediate and high Ig expression.
Costaining with ferret CD20 and cross-reactive human CD79A
monoclonal antibodies revealed that the majority of B cells were
Ighi and that a subpopulation of Igint cells were CD11b�. This
result suggests that some non-B cells may capture low levels of Ig
through binding Fc receptors (FcRs) (Fig. 3E to G) and that B cells
could be identified as Ighi cells. Currently, there is no antibody
available to block ferret FcR-mediated binding. We did, however,
test normal ferret serum as a way to minimize this result for ease of
population delineation, but we did not observe a noticeable
change in the distribution of cells detected by flow cytometry.
These data collectively demonstrate that many distinct cell popu-
lations are represented within the different lymphoid tissues.
These characteristics of Ighi B cells and CD8�hi T cells were used in
the gating strategies to quantify B cells and CD8 T cells in these
studies.

Gene expression patterns support the identity of antibody-
selected leukocyte populations. Because of the cross-reactive na-
ture of some of the antibodies and possible cellular heterogeneity
within the antibody-selected populations, we next sought to vali-
date the specificity of the antibodies used for immunotyping (Fig.
1). To this end, we performed RT-PCR to get a qualitative assess-
ment of the gene expression profiles of CD4 and CD8 T cells and B
cells. As shown in Fig. 4, single, live lymphocyte cells were sorted
to high purity into the following three populations: (i) CD4 T cells
(CD4� Ig�), (ii) CD8 T cells (CD8�hi CD4� MHC-II�), and (iii)
B cells (CD11b� CD4� CD8�� Ighi). Total RNA was isolated, and
contaminating genomic DNA was removed. cDNA was synthe-
sized, and primers (Table 3) were designed to amplify a subset of
genes that could distinguish T and B lymphocytes and myeloid
cells. While all of the targeted genes could be detected to various
expression levels between spleen and lymph node tissue in unen-

riched cells (including myeloid-lineage-associated genes, CD14
and CD11b), CD4 T cells were enriched in transcripts correspond-
ing to CD4 and CD3ε, while CD8 T cell were enriched for CD8�
and CD3ε, demonstrating that our monoclonal CD4 antibody
and cross-reactive CD8� antibodies are antigen specific (Fig. 5).
Furthermore, CD79b and CD20 were specifically expressed in
sorted B cells and not in the other sorted populations, also dem-
onstrating a high degree of specificity.

Immune cell composition is altered by influenza virus infec-
tion. After quantifying and validating the frequencies of distinct
cell populations in naive animals, our next goal was to determine
if the cellular composition in circulating blood, lymphoid tissues,
and BAL fluid would be altered following an encounter with in-
fluenza virus. To this end, two ferrets were infected intranasally
with 10,000 PFU of A/California/4/09 (H1N1) and sacrificed 10
days later. Figure 6 shows the mean frequency and range of re-
sponses from both ferrets within the PBMC, spleen, cLN, and BAL
fluid. Compared to those in naive hosts, higher frequencies (�2-
fold) of total CD8 T cells and CD11b� cells were found in the cLN
draining the upper airway. Further, while there were decreases in
total CD4 T and CD8 T cells in the spleen after infection, there was
a corresponding increase in the cLN, suggesting possible priming
and expansion of naive cells. Finally, at least a 2-fold increase in
CD11b� cells was observed in the peripheral blood, spleen, and
cLN, reflecting cellular alterations in at least one of the following
possible leukocyte populations: monocytes, macrophages, dendritic
cells, natural killer cells, neutrophils, and granulocytes. Collectively,
the data suggest that the host mounted a coordinated immune re-
sponse involving innate and adaptive cellular participants.

Antigen-specific CD4 and CD8 T cell responses to influenza
A virus are diverse and display distinct patterns of reactivity in
individual animals. It is becoming increasingly clear that viral
protein specificity may be a key determinant in the effector pro-
gram of influenza virus-specific T cells (25, 61–63). However, due
to a lack of ferret-specific reagents, measuring antigen-specific
CD4 and CD8 T cell responses has not been possible. Therefore,

TABLE 3 RT-PCR primer summary

Gene NCBI accession no. Primer Nucleotide sequence (5=¡3=) Tm (°C) Amplicon length (bp)

CD4 EF492055.1 Forward GATCCTTCCCTCTGATTATCAAG 52.4 981
Reverse GGAGAAGCAGAAGACCTAAGATCC 56.5

CD8� EF492056.1 Forward CTCCTCCAGAAGAACGAACCTG 57.1 514
Reverse GTCCTCCTTGTCTGGGCATTGG 60.2

CD3ε XM_004749946.2 Forward CATGCCCTGAGGAGGTTGAT 57.0 328
XM_013054918.1 Reverse GCGCCTTTTGCTCTCATCAC 57.1

CD79b XM_004749159.2 Forward GGCAGAACCCACGCTTCATAG 56.2 520
Reverse CGACTGACCATTTCACCTCTCC 57.2

CD20 XM_004770405.2 Forward CTAGGCGGTCTCCTGATGATTCAC 58.8 674
XM_013044696.1 Reverse GGTGAAGGTTCCTGGTCCTG 57.7 635
XM_013044697.1 464

CD14 XM_004744791.2 Forward TCTGTCAGCACAAGTTCCCG 57.4 457
Reverse CTCTGAAGCACCGCTAAGGT 57.0

CD11b XM_013046568.1 Forward GTGATGTTCAGAGAGAGTGCTGG 57.3 1,229
Reverse CGTCTCCATGAGAGCTGCTTCTG 59.5

Glyceraldehyde-3-phosphate
dehydrogenase

EF392835.1 Forward CATGTTCCAGTATGATTCTACCCAC 55.2 659
Reverse CCTGCTTCACCACCTTCTTGATGTC 59.7
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unlike our understanding of influenza immunity in mice and hu-
mans, it is unknown what fraction of the T cell response in ferrets
is influenza virus specific during any stage following infection.
Therefore, a major goal of this work was to quantify the viral
protein specificity and functionality of the elicited T cells from key
sites of the adaptive response. To this end, T cells isolated from
different tissues, including spleen, PBMC, and airway draining
lymph nodes, were assayed for reactivity to the following viral
proteins: HA (partitioned into the HA1 and HA2 domains), NA,
NP, NS1, and M1. Pools of 17-mer peptides, overlapped by 11
amino acids, were selected in order to offer all potential epitopes
for recall of influenza virus-specific CD4 and CD8 T cells from the
repertoire. Because it is well known that the host immune re-
sponse to infection is dominated by IFN-�-secreting CD4 T helper
type 1 and effector CD8 T cells (50, 54, 64), we performed IFN-�
ELISpot assays at 10 days postinfection using the same animals on
which we had performed analytical staining, sampling unfraction-
ated cells from the spleen, cLN, and PBMC.

Figure 7A shows the magnitude of the antigen-specific T cell
response to each of the viral proteins described above, as well as
total reactivity when responses to all specificities are summed. The
assays revealed that the T cell response has broad protein specific-
ity that is detectable across all tissues sampled, ranging from 10 to
500 spot-forming units (SFU) per million cells, depending on the
individual animal, viral protein, and tissue sampled. When the
responses to all protein specificities were summed (Fig. 7A, right-
most panel), it was found that as many as 0.1% of the T cells in the
PBMC, 0.07% in the spleen, and 0.04% in the cLN were influenza
virus specific. Although the overall abundances of influenza virus-
reactive cells were comparable among the animals, the protein
specificity in the individual animals was distinct. For instance,
within the PBMC for ferret 2466, most of the response was focused
toward NP (32%) and NS1 (57%), while T cells from ferret 2476
was focused largely toward the HA1 domain of HA (30%), NA
(31%), and NS1 (29%). Heterogeneity in individual responses is
further illustrated in Fig. 7A to C, which includes T cell reactivity

FIG 5 Antibodies used for leukocyte identification are cell type specific. (A) Gene expression from sorted cell populations. At least 10,000 cells were sorted, total
RNA was purified, and genomic DNA was removed. cDNA was synthesized, and residual RNA was removed via RNase H digestion. The cDNA concentration was
normalized for each sample, and gene-specific primers were used for RT-PCR. Note that CD8 T cells and B cells were sorted from splenocytes. Due to the low
frequency of CD4� T cells in the spleen, sorting was performed using cells from lymph node tissue. (B) Summary of RT-PCR results, organized into distinct
leukocyte modules.
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in the PBMC from another ferret at 23 days postinfection via
aerosol contact, whose antigen-specific response was more equally
distributed among several viral proteins. While the magnitude of
this response was lower than that at 10 dpi, as expected due to
cellular contraction following viral clearance (65), it is clear
that T cells specific to several viral proteins become primed and
can be detected during both the effector phase and transition
into memory.

Because the spleen is high in cellularity and has been shown to
contain influenza virus-reactive T cells, we were able to selectively
deplete CD4� or CD8�hi cells for use in the ELISpot assays to
separately interrogate CD8 or CD4 T cell-specific reactivity, re-
spectively. These studies reveal striking patterns of reactivity for
both T lymphocyte subsets as well as between individual ferrets.
Following infection, there were differences in the magnitude and
hierarchy of protein-specific responses in the animals. For ease of
comparison among animals and T cell subsets, the responses to all
epitopes, indicated in Fig. 8A, were summed, and then the pro-
portions of the response dedicated to individual viral proteins
were represented as a “pie chart,” where the size of the slice reflects
the fractional response to individual proteins (Fig. 8C). For exam-
ple, in ferret 2466, over 50% of the CD4 T cells were reactive to
M1, while only 10% of the response was dedicated to NS1. In
contrast, ferret 2476 had a broader distribution of reactivity
among the different viral proteins tested, with reactivity distrib-
uted among epitopes within M1, NS1, and the amino-terminal
half of HA (Fig. 8B and C). With respect to the CD8 response, we
detected a slightly elevated range of total influenza virus reactivity
(0.08 to 0.1%) in the spleen, with a high percentage (44% 	 7%)
of CD8 T cell reactivity directed toward NS1 (Fig. 8B and C). Of
note and similar to the observations for the CD4 response, distinct
patterns of reactivity were present in individual animals. For ex-

ample, although a large percentage of the CD8 response was NS1
specific in both animals, the T cell reactivity of ferret 2476 was
dominated by NA-specific cells (47%), compared to just 2% reac-
tivity exhibited by ferret 2466 (Fig. 8C). Altogether, the heteroge-
neity observed from the total and fractionated CD4 and CD8 T cell
reactivity data sampled from multiple tissues postinfection sug-
gests that there are likely to be many options for MHC-restricted
peptide epitope display to surveying T cells in ferrets. These results
also suggest that there may be considerable MHC heterogeneity in
commercially available ferrets, leading to distinct patterns of CD4
and CD8 specificity among individuals. In this manner, ferrets
may be more similar to humans and outbred mice than to typical
inbred strains of mice that are homozygous for a given set of MHC
class I and class II genes.

DISCUSSION

In this study, our goals were to develop reliable procedures and
reagents to identify and quantify key cell types responsible for
orchestrating adaptive immune responses and antigen-specific T
cell responses following infection of ferrets with influenza virus.
We used a combination of cross-reactive and ferret-specific anti-
bodies to identify key immune cell populations, including CD4
and CD8 T cells, myeloid-lineage cells (CD11b�), MHC-II�

APCs, and B cells. Similar to what has been observed in a recent
study in humans (66), we found that leukocyte subset frequency
was intrinsic to the tissue site and similar across different animals
and became modified in the composition of cellular components
following influenza infection. When the ratios of T cells to B cells
and CD4 to CD8 T cells were compared, the compositions were
generally comparable for what has been described in humans and
what we found in ferrets. For instance, in both humans and ferrets,
the T cell/B cell ratio was lowest in the spleen and highest in the

FIG 6 Leukocyte composition is altered at 10 days following influenza A virus infection. Percentages of total CD4� (A), CD8�hi (B), CD11b� (C), MHC-II� (D),
and Ighi (E) cells by tissue are shown. Data represent total percentages for each cell type (antigen independent); symbols represent individual animals, and
horizontal lines indicate the mean frequency of positive events.
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lung/BAL fluid. Furthermore, we observed a general trend of a
higher CD4/CD8 ratios across all tissues except the spleen. Collec-
tively, these results suggest that although the ferret leukocyte com-
position across tissues is distinct, there are some general similari-
ties to that in humans. Moreover, these experiments reveal the
potential for comprehensive tracking of distinct immune cell sub-
sets to study their spatiotemporal regulation following encounters
with influenza viruses and vaccines.

Analyses of the cell surface profiles for CD8��, MHC-II�, and
Ig� cells suggested that the populations of cells detected by our
antibodies may consist of distinct subsets. For example, we ob-
served a range in surface expression of CD8� in cells recovered
from spleen, BAL fluid, and lymph nodes. In mice and sheep,
subsets of dendritic cells have been described to express CD8� (67,
68). In mice, these dendritic cells represent a key subset involved
in priming T cells and particularly for cross-presentation of CD8 T
cells after influenza infection and vaccination (69). Using a
costaining approach, we also observed differences in expression
patterns for MHC-II and Ig in some lymph nodes and BAL fluid
following infection, which may reflect differences in the matura-
tion status of B cells, since activated B cells upregulate MHC-II
and plasma cells express lower levels of the Ig receptor in response
to antigen stimulation (70, 71).

In addition to CD4 and CD8 T cell frequency and expression
patterns, our studies revealed interesting patterns of T cell func-
tionality and specificity. In both mice and humans, it is well doc-
umented that the CD4 T cell repertoire to influenza virus antigens
is broad (72–75). While there have been multiple influenza virus
specificities detected in CD8 T cells in humans (76), the breadth of
CD8 T cell reactivity in mice is less well understood. CD8 reactiv-
ity in mice is generally thought to be narrower than that of their
CD4 counterparts. This could be attributed to the fact that the
majority of studies have utilized C57BL/6 mice, where most of the
response to influenza virus is specific to two peptides, derived
from NP and polymerase acidic protein (PA) (77, 78). These stud-
ies also suggest that the outbred ferrets are likely to differ in the
expression of MHC proteins. The isotypic and allelic variation of
MHC class I and class II proteins is currently unknown; however,
the finding that the human-specific antibodies L243 and L203,
reactive to the HLA-DR isotype of class II (79), detected all ferret
lymphoid tissues studied so far (this report and data not shown)
suggests that ferrets will express an HLA-DR/I-E homologue.
Whether they also express a class II homologue to HLA-DQ/I-A or
HLA-DP is not known at this time.

The information gained through these studies that dissected
the abundance and specificity of antigen-specific CD8 and CD4 T

FIG 7 Antigen-specific T cell responses are heterogeneous between individuals and have broad protein specificity across multiple tissue compartments. (A) Viral
protein-specific IFN-�-secreting T cell responses from ferrets (FT) 2466 and 2476 at 10 dpi with A/California/04/09 (H1N1) in the spleen, cLN, and PBMC. T cell
responses were not detectable in influenza virus-naive ferret tissues (data not shown). (B) T cell responses from PBMCs of FT 2466 and 2476 as well as FT 3938
(aerosol contact infected, 23 dpi). (C) Antigen-specific T cell reactivity from the PBMCs, represented as a percentage of the total response for each individual
tested, depicted as a pie graph (left to right, FT 2466, FT 2476, and FT 3938). pHA-NT, peptides spanning the HA1 domain from pandemic hemagglutinin
(subtype H1); pHA-CT, peptides spanning the HA2 domain from pandemic H1; pNA, N1 subtype of neuraminidase from the pandemic H1N1 virus; NP,
nucleoprotein; NS1, nonstructural protein 1; M1, matrix 1 protein.
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cell responses after infection is important for several reasons. Our
laboratory (80) and others (81) have shown that there is a deter-
ministic linkage in specificities for T and B lymphocytes in
response to enveloped viruses. In a mouse model of influenza
infection, we discovered that the magnitude and kinetics of the
HA-specific B cell response were accelerated when the host was
armed with memory HA-specific CD4 T cells but were not
helped in the presence of NP-specific CD4 cells and vice versa
(80). Also, in tracking expansion of human CD4 T cells after vac-
cination, we determined that the HA-specific response, rather
than to those specific for M1 and NP, correlated best with the
neutralizing antibody response (56). This conclusion was rein-
forced with a recent study of human H5N1 vaccine responses
performed by our group, which showed that prepandemic prim-
ing of human subjects selectively enhanced representation of HA-
specific CD4 T cells, a phenotype that correlated with robust neu-
tralizing antibody responses (82). These findings are important
when considering correlates of immune protection, since the HA-
specific neutralizing antibodies are thought to be the most domi-

nant form of protection, due to their ability to achieve sterilizing
immunity. However, HA-specific CD4 helper T cells to novel
epitopes could be outcompeted or suppressed by the expansion of
memory cells to other protein specificities such as NP that are
more highly conserved and routinely encountered (83). Finally,
although less fully explored, it is also possible that CD4 T cells of
other specificities partition with other distinct effector programs
following infection. For example, in a recent human challenge
model with H3N2 or H1N1 viruses, it was noted that that preex-
isting CD4 T cells specific for matrix or NP correlated best with
lower virus shedding and disease. These cells also possess cytotoxic
activity (25), which is also thought to be a key effector activity of
CD4 T cells (50, 84, 85). The reagents and methods defined here
will allow us to better probe links between specificity and function
in ferrets.

In summary, this study provides an in-depth analysis of the
CD4, CD8, and APC composition in ferrets before and after influ-
enza infection and has quantified the CD4 and CD8 T cell viral
antigen specificity postinfection. These studies have revealed a

FIG 8 Specificity of influenza virus-reactive CD4 and CD8 T cell responses are broad, display protein-specific preferences, and overlay with heterogeneity
between individual animals. (A) Magnitudes of total influenza virus-specific T cell responses from individual ferrets sampled from the spleen at 10 dpi with
A/California/04/09 (H1N1). CD4� and CD8� indicate depletion of that cell type for selective interrogation of CD8 and CD4 T cell responses, respectively. (B)
Magnitude of antigen-specific T cell responses from individual animals. (C) Viral protein-specific T cell responses from the spleen, represented for each ferret as
a percentage of the total response.
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robust adaptive T cell response and changes in distribution of key
lymphoid cells postinfection. These studies have also suggested
that commercially available outbred ferrets are likely to have con-
siderable MHC heterogeneity and that individual ferrets are able
to recruit CD4 and CD8 T cells of broad antigen specificity. Alto-
gether, the progress reported here lends itself to several important
avenues of investigation that can be immediately addressed, in-
cluding T lymphocyte responses (e.g., phenotype and functional-
ity) following infection with highly pathogenic avian viruses with
pandemic potential (H5N1 and H7N9) as well as different formu-
lations of influenza vaccines, which may differ by multiple factors,
including replication competency, antigen composition/context
(e.g., valency), and adjuvant. These studies will be critical to our
understanding of how preexisting immunity and its augmenta-
tion/regulation impact protection. Furthermore, having the abil-
ity to monitor T cells in ferrets will enable studies investigating
their role in controlling virus transmission, a critical area of vac-
cine efficacy evaluation in challenge experiments (86, 87).
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