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Abstract

Currently, there are two different types of licensed influenza virus vaccines available in the USA, the 
live attenuated cold-adapted vaccine and the inactivated vaccine. Children greater than 2 years of 
age and adults younger than 50 years (apart from those suffering from immunodeficiencies or lung 
disease) may choose between the two vaccines. Previous studies have shown that both vaccines 
elicit significant serum antibody responses. However, comprehensive analyses of antibody-forming 
cells (AFCs) in the upper respiratory tract (URT), the critical site of pathogen entry, have been 
lacking. We therefore compared influenza virus-specific antibody and AFC activities in systemic and 
mucosal tissues following immunizations of cotton rats with inactivated or live-attenuated vaccines, 
including vaccines from the 2009-10 and 2010-11 seasons. Results demonstrated that inactivated 
and live-attenuated vaccines induced virus-specific AFCs, but patterns of residence and function 
were highly disparate. The inactivated vaccine elicited AFCs predominantly in the spleen and bone 
marrow; IgG was the main isotype. In contrast, the live attenuated vaccine elicited acute and long-
sustained AFC responses in the diffuse nasal-associated lymphoid tissue (d-NALT) and lung, with 
IgA being the predominant isotype. The appearance of these d-NALT URT responses was confirmed 
by a similar study of the 2009–10 live attenuated vaccine in ferrets. Data emphasize that the 
inactivated and live-attenuated vaccines that are each capable of protecting humans from influenza 
virus disease do so by very different modes of immune surveillance.

Keywords: antibody forming cells, bone marrow, cold-adapted vaccine, upper and lower respiratory tract, inactivated 
vaccine, influenza virus

Introduction

Seasonal influenza virus constitutes a serious health threat 
responsible for tens of thousands of deaths per year in the 
USA alone (1, 2). The virus naturally undergoes sequence 
and antigenic changes (antigenic drift) and on rare occa-
sions will jump species to yield dramatic changes in protein 
structure (antigenic shift) (3). Vaccines are produced at least 
once per year to represent and combat the fluctuating viral 
variants.

Young infants are susceptible to serious influenza virus dis-
ease and are often encouraged by public health authorities to 
receive an inactivated vaccine at 6 months of age (4). Older 
children greater than 2 years of age and adults younger than 
50 years (apart from those suffering from immunodeficiencies 
or lung disease) may choose between two different vaccines, 
either inactivated or live-attenuated. The inactivated vaccine 

is prepared by isolation of the influenza virus membrane 
molecules and is given by the intramuscular (IM) route. The 
live attenuated vaccine is produced using reverse genetics 
technology to introduce desired membrane molecules into a 
standard influenza virus backbone. This replication-compe-
tent viral product is administered by the intranasal (IN) route 
and persists transiently in the upper respiratory tract (URT) 
(5). The antigens presented by either one of these vaccines 
are selected each year by the WHO to represent currently 
circulating influenza virus strains (6).

Recently, studies of a candidate parainfluenza virus 
vaccine (Sendai virus, SeV) in small animals demonstrated 
that IN administration of a replication-competent vaccine 
rapidly induced a population of antibody-forming cells (AFCs) 
in the diffuse nasal-associated lymphoid tissue (d-NALT) 
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of the URT (7, 8). These cells were long sustained and well 
positioned to target incoming target virus at its point of entry. 
Might the same type of response be induced by licensed, 
influenza virus vaccines? To address this question, we tested 
the licensed inactivated and live-attenuated influenza virus 
vaccine products in cotton rats (9, 10) and ferrets. Experiments 
demonstrated that inactivated and live-attenuated vaccines 
elicited very different patterns of AFCs in terms of residence 
and isotype production. The live attenuated vaccine induced 
AFCs predominantly in the URT and lower respiratory tract 
(LRT) of cotton rats, most often expressing the IgA isotype 
(the presence of d-NALT resident AFCs was also observed 
when the vaccine was tested in ferrets). Measurable AFCs 
were sustained throughout a 4-month observation period. In 
contrast, the inactivated vaccine elicited predominantly IgG-
expressing AFCs in the spleen and bone marrow of cotton 
rats. Results were similar when influenza virus vaccines from 
the 2009–10 and 2010–11 seasons were tested. These data 
emphasize that the inactivated and live-attenuated vaccine 
products, each capable of protecting humans from virus 
infection, can do so despite their induction of very different 
patterns of immune surveillance.

Materials and methods

Animals and immunizations

Cotton rats (Sigmodon hispidus ≥ 6 weeks of age) were pur-
chased from Harlan Sprague Dawley. Ferrets (>3 months 
of age) were purchased from Triple F Farms. Animals were 
housed as specified by AALAC guidelines, and protocols 
were approved by the Institutional Animal Care and Use 
Committee (IACUC). Seasonal vaccines were Fluvirin® and 
FluMist® (2009–10 season) or Fluzone® and FluMist® (2010–11  
season). Fluvirin® (Novartis Vaccine and Diagnostics Ltd) 
and Fluzone® (Sanofi Pasteur) were inactivated, purified sur-
face antigen and split, respectively, influenza virus vaccines. 
Each 0.5 ml dose of inactivated vaccine contained 15 µg 
haemagglutinin (HA) from each of three viruses, whereas 
each 0.2 ml dose of FluMist® vaccine contained 106.5–7.5 FFU 
(fluorescent focus units) of each of three live-attenuated 
influenza viruses. All vaccines contained influenza virus anti-
gens against A/Brisbane/59/2007 (H1N1), A/Brisbane/10/07 
(H3N2) and B/Brisbane/60/08 viruses (2009–10 season vac-
cines), or ACalifornia/7/09 (H1N1), A/Perth/16/09 (H3N2) and 
B/Brisbane/60/08 viruses (2010–11 season vaccines).

The FluMist® vaccines were administered IN with a half 
human dose in cotton rats and a full human dose in ferrets. 
The Fluvirin® and Fluzone® vaccines were administered IM (in 
the gastrocnemius muscle, 0.2 ml per animal) in cotton rats. 
Cotton rats were studied in groups of 3 and ferrets were stud-
ied in groups of 2–3. All experiments were conducted twice 
with similar results.

Enzyme-linked immunosorbent assays (ELISAs)

Antibody responses toward influenza virus were determined 
by ELISA. Fluvirin® 2009–10 was plated as antigen to test 
all samples from animals that received Fluvirin® or FluMist®  
vaccines from the 2009–10 season. Fluzone® 2010–11 
was plated as antigen to test all samples from animals that 

received Fluzone® or FluMist® vaccines from the 2010–11 
 season. Antigens were plated at 1 µg/ml on 96-well ELISA 
plates. After overnight incubation, plates were washed with 
PBS and blocked with PBS containing 1% BSA (Sigma, St 
Louis, MO, USA). Samples from vaccinated and control ani-
mals were diluted serially in PBS and 1% BSA and incubated 
on plates for 1 h at 37°C. Plates were then washed 6× with 
PBS-Tween 20 (.05%). For cotton rat assays, plates were 
then incubated with alkaline phosphatase-conjugated goat 
anti-mouse IgM, IgG (gamma specific) or IgA (Southern 
Biotechnologies Assoc.) diluted 1:1000 in PBS and 1% BSA, 
for 1 h at 37°C. For ferret assays, the reagent was goat anti-
ferret IgG IgA IgM (H+L) alkaline phosphatase conjugated 
(Rockland). Plates were washed 6× with PBS-Tween and 
developed by addition of p-nitrophenyl phosphate substrate 
(1 mg/ml) in diethanolamine buffer (pH 9.8). Assays were 
read at optical density (OD) 405 nm after 30 min. All experi-
ments were conducted in replicate. Antibody titers were cal-
culated using non-linear regression software, using a cut-off 
of 0.02 for the OD 405 nm reading (one-site binding non-lin-
ear regression, GraphPad Prism, San Diego, CA, USA).

Tissue preparation for AFC analyses

To monitor AFCs, animals were sacrificed and bone marrow, 
d-NALT, lung, cervical lymph nodes (CLN) and spleen were 
sampled. To prepare d-NALT (11, 12), skin, lower jaws, soft 
palates (including the attached o-NALT), muscles, cheek 
bones and teeth were removed from the heads. Remaining 
snouts were cut into small pieces, after which cells were 
released by digestion with 4 mg/ml collagenase in PBS at 
37°C for 30 min shaking. Cells were washed with PBS and 
then suspended in PBS and layered onto a 40/75% dis-
continuous percoll gradient. After centrifugation at 600g for 
30 min, cells were collected from the gradient interface for 
assay. The cells were washed 2× in PBS and suspended 
in RPMI1640 plus 10% heat-inactivated fetal bovine serum 
(R10). Lungs were suspended and similarly processed by 
collagenase digestion and purification on percoll gradients. 
Bone marrow, CLN and spleen were collected, red blood 
cells lysed (Sigma Red Blood Cell Lysing Buffer) and washed 
prior to assays.

Enzyme-linked immunospot (ELISPOT) assays

The ELISPOT plate was coated with the antigens as described 
above for ELISAs. The membrane was blocked for 1 hour with 
R10. Media were aspirated and 100 µl fresh R10 media were 
added to the wells. Then 1 × 105 cells in 100 µl R10 were 
added to each well. The plates were incubated at 37°C, 5% 
CO2 for 3 h and washed 3× with PBS and 3× with PBS-Tween 
20. Alkaline phosphatase-conjugated antibodies (specified 
above for ELISAs) in 100 µl buffer containing 1% BSA were 
added to each well. After overnight incubation, the antibod-
ies were removed and plates were washed 6× with PBS and 
developed with 1 mg/ml BCIP/NBT substrate (Sigma Aldrich). 
The plate was incubated at room temperature and monitored 
for spot appearance. The exposure was stopped by rinsing 
plates with water. Plates were dried and spots were counted 
using a Nikon dissecting scope. All experiments were con-
ducted in replicate.
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Haemagglutination inhibition assays

Sera were first diluted 1:4 in receptor-destroying enzyme 
(RDE ii, manufactured by Denka Seiken, purchased from 
Accurate Chemical) and incubated overnight at 37°C. RDE 
was then inactivated by incubating samples for 30 min at 
60°C. For the HAI assay, treated sera were diluted 1:10 
and then serially diluted 1:2 in PBS in microtiter 96-well 
round-bottomed plates. Virus (4 agglutinating units) was 
added at an equal volume (25 µl serum and 25 µl virus) 
and incubated at room temperature for 30 min. About 0.5% 
chick red blood cells in 50 µl were then mixed with each 
well and incubated for an additional 30 min. HAI titers 
were read as the highest dilution of serum that blocked 
agglutination of chick red blood cells by virus. Viruses used 
in HAI assays were the licensed FluMist® vaccine [0.2 ml 
contained 106.5–7.5 FFU of live attenuated influenza virus 
reassortants of three strains for the 2011–12 season: A/
California/7/2009 (H1N1), A/Perth/16/2009 (H3N2) and B/
Brisbane/60/2008] (MedImmune, LLC, Gaithersburg, MD, 
USA), or A/Puerto Rico/8/34 (A/PR8, stock kindly provided 
by the laboratory of Dr P. Thomas at St. Jude, Memphis TN 
for amplification).

Results

Differential IgG and IgA response patterns following 
immunizations with inactivated and live-attenuated influenza 
virus vaccines in cotton rats

To compare the systemic and mucosal immune responses 
elicited by two different forms of 2009–10 seasonal influenza 
virus vaccines, experiments were conducted in cotton rats. 
Animals were grouped to receive the inactivated vaccine by 
the IM route or the live attenuated vaccine by the IN route, 
after which responses were measured by ELISA at 1 week, 2 
weeks, 1 month and 4 months post-vaccination.

When responses were measured in serum, nasal wash 
and bronchoalveolar lavage (BAL) samples, virus-specific 
IgG was detected in all animals (Fig. 1). IgG responses were 
superior by orders of magnitude when serum samples were 
compared with respiratory wash samples, and serum sam-
ples from all vaccinated mice exhibited HAI activity against 
FluMist® and A/PR8 (Table 1). Antibody generally waned at 
the 4-month time point but was sustained at measureable lev-
els in all vaccinated animals.

A dramatically different pattern was observed upon 
measurement of virus-specific IgA. As shown in Fig. 2, IgA 
appeared primarily in the nasal wash and BAL and primar-
ily in animals that received the live attenuated vaccine rather 
than the inactivated vaccine (P < .05, unpaired t-test). At the 
4-month time point, IgA had not waned.

To explain the deposition of IgG and IgA isotypes in various 
tissues, we examined the patterns of virus-specific AFC resi-
dence. As shown in Fig. 3, these patterns were also dramati-
cally different between groups of animals that received the 
two different forms of influenza virus vaccine. When animals 
received the inactivated product, AFCs were most frequent 
in the spleen at the 2-week time point. There was then a shift 
in AFC residence and AFCs were sustained primarily in the 
bone marrow at 4 months. In contrast, when animals received 

the live attenuated product, AFCs were most prevalent in the 
d-NALT and lung, with relatively little activity in the spleen and 
bone marrow. In these animals, IgA AFCs scored in higher 
numbers than IgG AFCs. Responses peaked at 1 month 
and were measureable above background at the 4-month 
time point.

Antibodies and AFCs induced in the ferret URT by the 
2009–10 live attenuated vaccine

The cotton rat has been recommended as a new model for 
influenza virus vaccine analyses (10), but the ferret model is 
often preferred in the influenza virus field. We therefore asked 
if the FluMist® vaccine would be capable of inducing AFCs 
in the respiratory tract in ferrets, comparable to the situation 
in cotton rats. Ferrets were immunized with the FluMist® vac-
cine and monitored for antibodies and AFC responses after 
2 weeks and 4 months. Results are shown in Fig. 4 (note that 
in this case, a reagent was used to measure all virus-specific 
antibodies rather than individual isotype subsets). In Fig. 4A 
are shown serum antibody responses from individual animals 
(each represented by a different circle). Data are shown only 
for sera diluted 1:103 as higher dilutions associated with no 
measurable antibody. Anti-virus responses were reproduc-
ibly induced by 2 weeks and were sustained for at least 
4 months. Although the responses in ferrets appeared to be 
much weaker than those in cotton rats, this may have been a 
reflection of assay sensitivity rather than a difference between 
species.

ELISPOT assays were also performed in ferrets on week 
0 (naive animals), week 2 and month 4 (Fig. 4B, C and D, 
respectively). Of interest, the ferret results were qualitatively 
different from the results from cotton rats. The AFC responses 
in ferrets were observed only in the d-NALT and spleens, and 
not in the lungs or CLN. Apparently, vaccine antigen had not 
penetrated the LRT of ferrets and had thus induced durable 
AFC effectors in URT but not LRT tissues.

2009–10 and 2010–11 seasonal influenza virus vaccines 
are matched in patterns of antibody and AFC induction

We next questioned whether the patterns of immune activ-
ity induced with the 2009–10 influenza virus vaccine might 
also be induced with other seasonal influenza virus vaccine 
products. To address this question, we repeated experiments 
the following year, when all three vaccine antigens were 
changed, with 2010–11 influenza virus vaccine products. As 
demonstrated in Fig. 5, IgG ELISA results again illustrated 
that the magnitude of antibodies was superior in serum sam-
ples compared with nasal wash samples in all animals. Also, 
as for the 2009–10 vaccine products, the 2010–11 vaccines 
induced IgG responses that peaked after 2 weeks or 1 month 
and waned at 4 months, but remained measureable through-
out the observation period.

IgA responses were also comparable between the 2009–10 
and 2010–11 vaccine products as shown in Fig. 6 (compare 
Figures 2 and 6) and ELLISPOT patterns were comparable 
among seasonal vaccines as shown in Fig. 7 despite the dif-
ferent sources of vaccines used for each season (compare 
Figures 3 and 7).
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Discussion

The study described in this report was performed to examine 
and compare the antibody and AFC activities induced by 
inactivated and live-attenuated seasonal influenza virus 
vaccines. Both of these vaccine formulations are licensed 
and have been demonstrated to provide protective efficacy 

against influenza virus infections in humans (13, 14). For 
example, in the year 2000, a 2-year multicenter, double-
blind, placebo-controlled efficacy study of a live attenuated 
vaccine was reported; results showed the vaccine to be 
92% efficacious in preventing culture-confirmed infections of 
influenza A/H3N2 and influenza B viruses in children (15, 16).

Fig. 1. Serum and respiratory tract IgG responses elicited by inactivated and live attenuated 2009–10 influenza virus vaccines. Serum (top 
panels), nasal wash (middle panels) and BAL (bottom panels) samples were tested for virus-specific IgG responses by ELISA at various inter-
vals (1 week, 2 weeks, 1 month, 4 months; x-axes) after vaccination with inactivated (left panels) or live attenuated vaccines (right panels) from 
the 2009–10 season. Animals were tested individually and results are shown as group means with standard error bars. Antibody titers were 
calculated using non-linear regression software and are shown below each bar set.
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The two different vaccines each offer unique benefits. The 
inactivated influenza vaccine is associated with the better 
safety profile and is often administered to children greater 
than 6 months of age, adults and the elderly. When children 
are under 10 years of age, two doses are recommended to 
ensure the induction of a protective immune response (13). 
The live attenuated vaccine is not usually recommended for 
use in infants or the elderly but is effective after only one dose 
in children and adults (17).

The current study compared and contrasted the two 
licensed vaccines with particular attention paid to the URT 
because effector cells and molecules in this region are best 
positioned to block the influenza virus pathogen at its point of 
entry. Data in cotton rats demonstrated that inactivated and 
live-attenuated vaccines each generated a durable immune 
response but that the patterns of activity were dramatically 
different. The inactivated vaccine induced IgG as the pre-
dominant isotype and there was negligible production of 
IgA. Circulating IgG associated with the appearance of IgG-
producing AFCs that were most frequent in the spleen in early 
weeks and most frequent in the bone marrow as time pro-
gressed. The live attenuated vaccines differed in that IgA was 
constitutively expressed in upper and lower airways, reflect-
ing long-term residence of IgA-producing AFCs in d-NALT 
and lung. These cotton rat results were confirmed using vac-
cines from two different influenza virus seasons, 2009–10 and 
2010–11, which included inactivated vaccines of two types 
(surface antigen and split).

To validate the discovery of influenza virus-specific AFCs 
in the d-NALT after FluMist® vaccination (Figures 3 and 7), 
we also vaccinated ferrets with the FluMist® vaccine (as 
described previously, a single dose of the inactivated vaccine 
does not elicit significant responses in ferrets) (18). The fer-
ret shares sialic acid expression patterns and influenza virus-
induced disease symptoms such as sneezing and wheezing 
with humans, and therefore serves as a popular model for 
influenza virus vaccination, infection and transmission stud-
ies (19). Results with the live attenuated influenza virus vac-
cine product in ferrets matched results in cotton rats, in that 
responses in the d-NALT were detected by week 2 and were 
sustained for at least 4 months. There were also qualitative 
differences between the two species, in that the ferrets did 
not generate detectable AFCs in the CLN or lung. This result 
suggests that the cotton rat, like the mouse (18), is more per-
missive than the ferret for virus and viral antigen penetration 

into the LRT, thus prompting recruitment of virus-specific 
AFCs to the lung.

The induction of durable AFCs ensures constitutive anti-
body production and is therefore an attractive feature of 
any vaccine. AFC persistence in the bone marrow of vacci-
nated animals was first described decades ago by Hyland 
and Coleclough (20), and then by Slifka et al. (21, 22). Cells 
in the bone marrow were associated with long-term serum 
antibody responses. The cause–effect relationship was con-
firmed when bone marrow cells were adoptively transferred 
from vaccinated mice to naive mice and supported durable 
antibody production in the hosts. Years later, the establish-
ment of durable AFCs in the respiratory tract was recognized 
by a number of research investigators while testing live virus 
inoculations by the IN route. We have found, for example, that 
a single IN vaccination of cotton rats or mice with a replica-
tion-competent parainfluneza virus vaccine (SeV) rapidly and 
durably induces both CD8+ T cells and AFC-producing cells 
in the d-NALT (7, 8). The appearance of AFCs correlates with 
the detection of SeV-specific antibodies within 1 week and for 
many months after vaccination. AFC residence further cor-
relates with acute and durable protection against challenge 
viruses (7, 8, 23).

The final residence of long-term AFCs, whether bone 
marrow or d-NALT, is likely a consequence of lymphocyte 
‘imprinting’ at the time of first antigen exposure. Imprinting 
is initiated by complex interactions between lymphocytes 
and antigen-presenting cells, which determine the patterns 
of homing receptors expressed on lymphocyte surfaces. 
As lymphocytes traffic through blood, lymph and parenchy-
mal tissues, their membrane receptors dictate the cell–cell 
interactions that will instruct cell residence. For example, the 
appearance of CCR9 and α4β7 membrane receptors on acti-
vated T lymphocyte surfaces promotes cell residence in the 
small intestine (24). Multiple factors including (i) the type of 
antigen to which a lymphocyte responds (e.g. internal versus 
external viral proteins) (25), (ii) the mode and location of anti-
gen presentation and (iii) the cytokine milieu surrounding the 
activated lymphocyte will influence final outcome. Moreover, 
external factors such as dietary deficiencies can alter lym-
phocyte homing and residence (26).

The two vaccines tested in our recent study while inducing 
antibody responses in different locations of the animal were 
each able to promote AFC activity that persisted for several 
months. How is this achieved? There has been a long-standing 
debate as to the mechanism responsible for prolonged anti-
body responsiveness. Pertinent to this debate is the question 
of whether antigen persistence is required. Some researchers 
argue that antigens deposited by vaccination, particularly in 
the context of a replication-competent vaccine, can persist 
for weeks and months. However, antigen persistence does 
not fully explain the durability of an immune response as B 
cells that have been manipulated to lose antibody specific-
ity for antigen are nonetheless capable of persisting for long 
periods (27). Experiments are now warranted, particularly in 
the URT, to define the degree of antigen persistence and its 
impact on AFC durability in the d-NALT and lung.

Although AFC residence in respiratory tissues typify 
responses to the replication-competent vaccine, they are 
clearly not necessary for the induction of protective immunity. 

Table 1. Serum antibodies inhibit virus haemagglutination

Vaccine Animal HAI against FluMist® HAI against A/PR8

Inactivated 
2009–10

1 160 160
2 160 80
3 80 80

Live attenuated 
2009–10

1 80 320
2 160 320
3 160 320

None 1 <10 <10
2 <10 <10

Animal sera were tested 1 month after animal vaccination for HAI 
activity against FluMist® (2011–12) or A/PR8. Serum titers are shown.
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Many vaccines for respiratory tract pathogens, including the 
inactivated influenza virus vaccine described in this report, 
are administered by the IM route yet provide protection at 
mucosal sites. IgG antibodies produced by spleen and bone 
marrow-resident AFCs clearly traffic to the respiratory tract. 
The migration of systemic antibody to URT and LRT locations 
has been previously demonstrated by the protective capacity 

of maternal antibodies in the newborn and by passive transfer 
studies in research animals with immunoglobulin products 
(28, 29). For example, the passive transfer of high-titered 
RSV-specific polyclonal or monoclonal IgG antibodies by a 
peripheral route into cotton rats has been shown to reduce 
RSV challenge virus significantly in the LRT. Of interest, a 
higher dose was necessary to confer a similar degree of 

Fig. 2. IgA responses elicited by inactivated and live attenuated 2009–10 influenza virus vaccines. Serum (top panels), nasal wash (middle 
panels) and BAL (bottom panels) samples were tested for virus-specific IgA responses by ELISA at various intervals (1 week, 2 weeks, 1 month, 
4 months; x-axes) after vaccination with inactivated (left panels) or live attenuated vaccines (right panels) from the 2009–10 season. Animals 
were tested individually and results are shown as group means with standard error bars. Antibody titers were calculated using non-linear regres-
sion software and are shown below each bar set.
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Fig. 3. IgG and IgA AFC elicited by inactivated and live attenuated 2009–10 influenza virus vaccines. IgG and IgA AFC were measured in vari-
ous tissues (bone marrow, d-NALT, lung, CLN, spleen; x-axes) ELISPOT assay at various intervals (1 week-1st row, 2 weeks-2nd row, 1 month-
3rd row, 4 months-4th row) after vaccination with inactivated (left panels) or live attenuated (right panels) vaccines from the 2009–10 season. 
Animals were tested individually and results are shown as group means with standard error bars.
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protection in the URT (28), suggesting that peripheral IgG 
antibody penetrates the LRT more readily than the URT. 
This explains at least in part why IgG levels tended to be 
higher in the LRT compared with the URT in our experiments 
and was higher than might be predicted by numbers of 
resident IgG-producing AFCs (IgA, which is rare among 
serum antibodies, was more likely produced predominantly 
by local AFCs). Perhaps the relative resistance of the URT 
to protection by serum antibodies provides benefit to the 
host because a viral infection of the URT can ensue without 
severe morbidity and can enhance the endogenous immune 
response. Apart from the trafficking of antibodies from 
peripheral to mucosal sites, B cells primed in a peripheral 
location can also circulate through tissues and can quickly 
respond to antigen deposited in the URT or LRT mucosa 
upon challenge (30).

The contribution of various components of the vaccine-
induced adaptive immune response to protection against 
respiratory tract pathogens is highly complex and has 
been evaluated extensively in previous literature. The pas-
sive transfer of virus-specific IgA or IgG directly into nasal 
passages is sufficient to protect mice against a virus chal-
lenge (31, 32). Polymeric and monomeric IgA can also be 

transferred by the intravenous (IV) route, in which case the 
polymeric form is more readily transported into nasal secre-
tions than the monomeric form and can be protective (33). 
In contrast, as described above, when IgG is transferred 
by a peripheral route, it traffics more readily to the LRT than 
the URT, with limited or negligible protection of URT tissues 
(28, 33). IgA is well suited for protection of mucosal surfaces 
because it will transcytose across epithelial barriers and can 
be tethered to the surface of the airway lining via the poly 
Ig receptor and secretory components. However, IgG can 
also transcytose epithelial barriers using an FcRn escort (34). 
Multiple antibody isotypes can be produced by both B1-B 
cells and conventional B2 cells as a consequence of switch 
rearrangements and deletions at the immunoglobulin heavy 
chain locus (35–37). In some cases, a single B cell will pro-
duce IgM, then IgG and finally IgA, dependent on variables 
including antigen context, CD4+ T cells (antigen-specific or 
non-specific) (38), and interleukins in the B cell’s microenvi-
ronment (39–41). Successive switching may explain, at least 
in part, the differing kinetics of IgG and IgA in our research 
animals. Once mature, virus-specific plasma cells persist for 
months or years and can also be replenished from a long-
standing memory B-cell pool (42, 43).

Fig. 4. Antibody and AFC responses elicited by inactivated and live attenuated 2009–10 influenza virus vaccines in ferrets. Panel A: Total 
immunoglobulin was tested in sera 0 weeks (naive), 2 weeks and 4 months after vaccination with the live attenuated vaccine of the 2009–10 
season. Sera were diluted 1:1000 prior to testing (antibodies were below detection upon further dilution). Circles indicate results from individual 
animals. Panels B–D: Total AFC were measured in various tissues (bone marrow, d-NALT, lung, CLN, spleen; x-axes) by ELISPOT assays at 
week 0 (naive, panel B), week 2 (panel C) and month 4 (panel D) after vaccination with live attenuated vaccine from the 2009–10 season. For 
panels B–D, animals were tested individually and results are shown as means with standard error bars.
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Should antibodies fail to eliminate virus completely, CD4+ 
and CD8+ T cells provide fail-safe functions (44). CD8+ T 
cells, best known for their capacity to kill virus-infected tar-
gets, are long lasting (7, 45) and can be transferred into 

naive mice to protect against virus infection (46). The CD4+ 
T-cell population will enhance the functions of other effector 
cells but can also confer protection against virus infections 
independent of B and CD8+ T-cell partners. In some cases, 

Fig. 5. Serum and respiratory tract IgG responses elicited by inactivated and live attenuated 2010–11 influenza virus vaccines. Serum (top pan-
els), nasal wash (middle panels) and BAL (bottom panels) samples were tested for virus-specific IgG responses by ELISA at various intervals 
(0 weeks, 2 weeks, 1 month, 4 months; x-axes) after vaccination with inactivated (left panels) or live attenuated vaccines (right panels) from 
the 2010–11 season. Animals were tested individually and results are shown as group means with standard error bars. Antibody titers were 
calculated using non-linear regression software and are shown below each bar set.
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CD4+ T cells lyse infected targets with perforin-dependent 
mechanisms (47) and in other cases protection is independ-
ent of perforin and dependent on interferon production (48). 
Clearly, the immune system is multifaceted and redundant to 
ensure successful clearance of respiratory virus infections. 
The redundancies of function explain why two different vac-
cine formulations with two different immune outcomes can 
each confer protection.

In conclusion, the present report describes differential 
mechanisms by which two protective vaccines function. The 
inactivated vaccine induces AFCs that reside predominantly 

in non-mucosal tissue but that nonetheless bathe the respira-
tory tract with IgG. The live attenuated vaccine induces AFCs 
that are most often resident within the mucosa and that secrete 
IgA at this local site. These data are important for understand-
ing the effectiveness of live, attenuated influenza vaccines 
in humans because protection correlates poorly with serum 
antibody titers (49). Vaccine efficacy in adults and children 
(50) is likely due to a complexity of influences including T-cell 
responses (51) and local mucosal IgA responses as described 
here. Development of assays to measure locally resident 
AFCs may allow a better definition of immune correlates in 

Fig. 6. IgA responses elicited by inactivated and live attenuated 2010–11 influenza virus vaccines. Serum (top panels), nasal wash (mid-
dle panels) and BAL (bottom panels) samples were tested for virus-specific IgA responses by ELISA at various intervals (0 weeks, 2 weeks, 
1 month, 4 months; x-axes) after vaccination with inactivated (left panels) or live attenuated vaccines (right panels) from the 2010–11 season. 
Animals were tested individually and results are shown as group means with standard error bars. Antibody titers were calculated using non-
linear regression software and are shown below each bar set.

192 Responses to inactivated and live flu vaccines



lieu of standard serum IgG measurements by the HAI assay 
(49). Our data further illustrate immune system flexibility and 
the diverse mechanisms driven by two different influenza virus 
vaccines to protect humans from virus infections.

 Funding

National Cancer Institute at the National Institutes of 
Health (P30 CA21765); the National Institute of Allergy and 
Infectious Diseases of the National Institutes of Health (R01 

AI088729, HHSN266200700005C); American Lebanese 
Syrian Associated Charities (ALSAC).

Acknowledgements

We thank Dr. J. McCullers for reagents and useful discussions. We 
thank Dr. P. Thomas for contribution of A/PR8 virus for HAI studies.

Disclaimer

The manuscript content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Institute 
of Allergy And Infectious Diseases or the National Institutes of Health.
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were tested individually and results are shown as group means with standard error bars.
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