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The development of novel human vac-
cines would be greatly facilitated by the
development of in vivo models that per-
mit preclinical analysis of human immune
responses. Here, we show that nonobese
diabetic severe combined immunodefi-
ciency (NOD/SCID) �2 microglobulin�/�

mice, engrafted with human CD34� hema-
topoietic progenitors and further reconsti-
tuted with T cells, can mount specific
immune responses against influenza vi-
rus vaccines. Live attenuated trivalent

influenza virus vaccine induces expan-
sion of CD8� T cells specific to influenza
matrix protein (FluM1) and nonstructural
protein 1 in blood, spleen, and lungs. On
ex vivo exposure to influenza antigens,
antigen-specific CD8� T cells produce
IFN-� and express cell-surface CD107a.
FluM1-specific CD8� T cells can be also
expanded in mice vaccinated with inacti-
vated trivalent influenza virus vaccine.
Expansion of antigen-specific CD8�

T cells is dependent on reconstitution of

the human myeloid compartment. Thus,
this humanized mouse model permits pre-
clinical testing of vaccines designed to
induce cellular immunity, including those
against influenza virus. Furthermore, this
work sets the stage for systematic analy-
sis of the in vivo functions of human DCs.
This, in turn, will allow a new approach to
the rational design and preclinical testing
of vaccines that cannot be tested in hu-
man volunteers. (Blood. 2008;112:
3671-3678)

Introduction

Vaccination represents one of the major successes of medicine as it
has spared countless people from polio, tetanus, and other acute
infections.1 At present, no less than 26 infectious diseases can be
prevented through vaccination.2 With a notable exception of
smallpox3-5 and yellow fever6 vaccines, which generate cellular
immunity, classic preventive vaccines are designed to generate
neutralizing antibodies. Yet, some viruses that cause considerable
morbidity and mortality in humans escape the immune control
elicited by these vaccines.7,8 For example, no universally effective
vaccines have yet been developed for respiratory syncytial virus
(RSV), hepatitis C virus, and human immunodeficiency virus
(HIV).8,9 Among possible causes for the escape from neutralizing
antibodies are genetic diversity and mutational evolution of these
viruses. Therefore, novel strategies for protective vaccination
against these viruses need to take into consideration other immune
effectors (ie, CD8� T cells).10 Indeed, CD8� T cell–mediated
protective responses might prove beneficial by, for example,
elimination of infected cells, which will limit viral replication and,
consequently, disease development.11 CD8� T cells also appear as
important players in therapeutic vaccination in conditions, such as
chronic infections and cancer.

An essential component of vaccination are dendritic cells
(DCs), antigen-presenting cells (APCs) of skin and mucosal
surfaces that capture vaccine antigens and present them to lympho-
cytes.12 DCs constitute a system of professional APCs, which
initiate, maintain, and regulate adaptive immune responses.13

Recent studies corroborate a concept of distinct DC subsets

generating quantitatively and qualitatively distinct types of adap-
tive immunity.14,15 This is fundamental for the rational design of
new, improved, vaccines. However, studies of human DC biology
are mostly confined to in vitro systems and are hampered by the
lack of in vivo models. These shortcomings cannot be fully
addressed by murine studies because mice and humans differ in
several aspects of DC biology, an example of this being the pattern
of toll-like receptor (TLR) 9 expression, which is present on all
DCs in the mouse but only on plasmacytoid DCs (pDCs) in the
human.16 Thus, mice would not accurately predict how certain TLR
ligands would impact vaccine immunogenicity in humans. These
differences in DC biology might also explain considerable discrep-
ancies between mouse and human in the outcomes of DNA
vaccination.17 Thus, although highly effective in mouse models,
DNA vaccines are clearly less immunogenic in humans.18

To test human vaccines in vivo, we embarked on the construc-
tion of mice with human immune system following the pioneering
studies of the late 1980s.19-21 To this end, NOD/SCID �2m�/�

immunodeficient mice are transplanted with human CD34� hema-
topoietic progenitor cells (HPCs).22 Such mice develop all human
DC subsets and B cells.22 pDCs and myeloid DCs populate the
bone marrow and spleen, Langerhans cells (LCs) are found in the
epidermis, and interstitial DCs (intDCs) in peripheral tissues.22 In
this model, T cells are adoptively transferred, thereby permitting
the analysis of T-cell subsets.

To analyze the in vivo function of human APCs in humanized
mice, we used influenza virus vaccines. Influenza virus is the cause
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of an acute rather than chronic infection. Approximately 36 000
people die each year because of influenza virus infection.23

Optimizing a vaccine against influenza virus represents therefore a
public health priority. Thus far, studies in mouse have not allowed
for an improved vaccine. Neutralizing antibodies are traditionally
regarded as the most important outcome of vaccination against
influenza.24,25 However, although antibodies specific to hemagglu-
tinin can neutralize the virus, hemagglutinin undergoes rapid
mutations, leading to virus escape and necessitating the design and
manufacture of a new vaccine for each season.26 It is plausible that
vaccination strategies that enhance the spectrum of effector cells
(ie, recruitment of influenza antigen-specific CD8� T cells) could
improve the current influenza vaccines. This concept is corrobo-
rated by the demonstration of the protective role of CD8� T cells in
the course of natural influenza virus infection.26 Thus, the genera-
tion of effector T cells able to eliminate infected epithelial cells
could represent an important component of protective vaccination
against influenza virus.

We show herein that humanized mice can mount antigen-
specific recall CD8� T-cell immunity on vaccination with seasonal
trivalent influenza vaccines (ie, live attenuated influenza virus
[LAIV] vaccine and inactivated influenza virus [TIV] vaccine).

Methods

Antibodies and reagents

Antibodies to human CD3 (SK7), CD4 (SK3), CD8 (SK1), CD11c
(S-HCL-3), CD19 (HIB19), CD20 (2H7), CD28 (L293), CD34 (8G12),
CD45 (HI30), CD45RA (HI100), CD49d (L25), CD56 (B159), CD107a
(H4A3), CD123 (9F5), HLA-DR (L243), IFN-� (25723.11), IL-2 (5344.111),
Linage cocktail 1, and TNF-� (6401.1111) were obtained from BD
Biosciences (San Jose, CA). Anti–human CD3 (UCHT1; Beckman Coulter,
Fullerton, CA) and CD27 (CLB-27/1; Invitrogen, Carlsbad, CA) were also
used. Human HLA-ABC (W6/32) antibody was from Dako Denmark
(Glostrup, Denmark).

Human FLT3 ligand IgG, Fc fusion protein was expressed and purified
as described.27

Peptides were HLA-A*0201–restricted (Bio-Synthesis, Lewisville, TX)
with purity more than 95%: influenza A virus M1 58-66 (GILGFVFTL),
influenza A virus NP 383-391 (SRYWAIRTR), influenza A virus NS1
122-130 (AIMDKNIIL), and HIV gag 77-85 (SLYNTVATL). The HLA-
A*0201 tetramers loaded with influenza A virus M1 58-66, NS1 122-130,
and HIV-1 gag 77-85 were purchased from Beckman Coulter.

Trivalent LAIV vaccine FluMist (2006-2007 season; MedImmune,
Gaithersburg, MD), TIV vaccine Fluzone (2006-2007 season; Sanofi
Pasteur, Swiftwater, PA), Alum-precipitated tetanus toxoid (TT; Sanofi
Pasteur) were all obtained from the hospital pharmacy.

Humanized mice

NOD/SCID �2m�/� mice (The Jackson Laboratory, Bar Harbor, ME) at the
age of 4 to 5 weeks were sublethally irradiated (12 cGy per gram of body
weight) using a 137Cs gamma irradiator (MDS Nordion, Ottawa, ON).
CD34� HPCs (3 � 106) from granulocyte colony-stimulating factor mobi-
lized peripheral blood apheresis of healthy volunteers (Table S1, available
on the Blood website; see the Supplemental Materials link at the top of the
online article) were given in 200 �L of phosphate-buffered saline (PBS)
into the tail-vein. Mice were used between 4 and 8 weeks after HPC
transplantation. All protocols were reviewed and approved by the institu-
tional review board and institutional animal care and use committee at
Baylor Research Institute.

T cells were isolated from peripheral blood mononuclear cells (PBMCs)
autologous to CD34� HPCs using total human T-cell isolation kit (StemCell
Technologies, Vancouver, BC) following the manufacturer’s protocol by using

antibody cocktail: CD14, CD16, CD19, CD20, CD36, CD56, CD123, and
glycophorin A and following magnetic bead separation. Isolated total T cells had
purity more than 95%. In the experiment with sorted B and T cells, PBMCs were
sorted as CD11c�CD14�CD16�CD56�CD123�CD141� cells by FACSAria
(BD Biosciences) with purity more than 99%. T cells were given by intraperito-
neal injection.

Vaccination

Humanized mice were treated with 5 doses of 10 �g human FLT3 Ligand
subcutaneously for a period of 10 days. After T-cell transfer intraperitone-
ally, humanized mice were vaccinated with TT (one-tenth of human dose)
or influenza virus vaccine (one-fifth of human dose) via intraperitoneal and
intravenous injections or intranasal inoculation. Mice were bled at different
time points before and after vaccination to monitor the immune response
and harvested according to individual experimental design.

Analysis

Mice were killed and blood was collected with heparin. After flushing out
blood, the lungs were harvested for single cell suspension. The lungs were
digested with 2 mg/mL of collagenase D (Roche Diagnostics, Indianapolis,
IN) for 30 minutes at 37°C. Single cell suspension was made with 2 frosted
slides, and the debris was removed by filtering through a 70-�m cell
strainer (BD Biosciences). Spleen was digested for 10 minutes using the
same method. Single cell suspensions were further purified for ex vivo
analysis.

Phenotype analysis

Cells were first treated with purified antibody against murine CD16/32
(2.4G2, BD Biosciences; to block nonspecific FcR interactions) and then
stained on ice with fluorescein isothiocyanate (FITC), phycoerythrin (PE),
peridinin chlorophyll protein (PerCP), and allophycocyanin (APC) conju-
gated specific antibodies, or appropriate isotype controls. After washing
twice with PBS, cells were fixed with FACSlysis solution (BD Biosciences)
or 1% paraformaldehyde and analyzed for up to 6 parameters on a
FACSCalibur (BD Biosciences) using CellQuest software (BD Bio-
sciences) or FlowJo software (TreeStar, Ashland, OR).

Tetramer analysis

Heparinized blood or single cell suspension from different tissues was
resuspended in PBS/2% fetal calf serum. Each sample was stained with
FITC, PE, PerCP, or APC conjugated antibody to CD8 and CD3 for surface
marker and PE or APC conjugated FluM1-HLA-A*0201 tetramer for
FluM1-specific CD8� T cells and HIVgag-HLA-A*0201 tetramer for the
negative control. Each sample was stained at room temperature for
30 minutes and washed twice with PBS. Afterward, the sample was
resuspended with FACSlysis buffer and incubated at room temperature for
10 minutes to lyse red blood cells. Finally, FACSlysis buffer was washed
away and the sample was resuspended with 1% paraformaldehyde. The
sample was analyzed for the frequency of FluM1-tetramer positive cells in
the CD8� T-cell population.

Intracellular cytokine staining

Intracellular cytokine and degranulation of CD8� T cells were examined
using a modified protocol as described.28 Briefly, total cell suspension from
vaccinated mice was stimulated with 2.5 �g/mL of specific peptide in the
presence of anti-CD28 and anti-CD49d antibodies. Monesin and FITC-
conjugated anti-CD107a was included during the culture period. After
T-cell stimulation, cells were surface-labeled with surface antibodies and
then intracellularly labeled with antibodies specific for IFN-�, IL-2, and
TNF-� using BD Biosciences’ Cytofix/Cytoperm and Perm/Wash reagents.
Samples were analyzed up to 6 parameters on a FACSCalibur and up to
12 parameters on a FACSAria (BD Biosciences).
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Results

Live attenuated trivalent influenza vaccine expands
FluM1-specific CD8� T cells in blood and tissues

Sublethally irradiated NOD/SCID �2m�/� immunodeficient mice
were transplanted with 3 � 106 CD34� HPCs from HLA-A*0201�

healthy donors, and at 4 to 8 weeks after transplantation were
injected intraperitoneally with 20 � 106 autologous T cells. These
humanized mice were vaccinated once (one-fifth of the human
dose) with LAIV vaccine composed of H1N1 (A/New Caledonia/
20/99), H3N2 (A/Wisconsin/67/2005), and Influenza B (B/Malaysia/
2506/2004) viruses (2006-2007 season) at equal hemagglutinin
(HA) ratio. To establish vaccination parameters and determine the
magnitude and the breath of influenza-specific CD8� T-cell immu-
nity, mice were vaccinated intraperitoneally and intravenously
(Figure 1A). Induction of influenza-specific CD8� T-cell response
was assessed by staining blood and tissues with HLA-A*0201
tetramer loaded with the matrix protein 1, FluM158-66 (GILG-
FVFTL) peptide, as this epitope is common to both H1N1 and
H3N2 viruses. Vaccinated mice demonstrated, at day 12 after
vaccination (Figure 1B), circulating human CD8� T cells binding
FluM1-tetramer with high intensity (3/3 mice: 0.22%, 0.37%, and
0.5% CD8� T cells). These results were obtained in 4 independent
cohorts of humanized mice reconstituted with cells from 4 different
HLA-A*0201� healthy volunteers (Figure 1C; Table S2). Alto-
gether, 9 of 14 mice showed expansion of FluM1-specific CD8�

T cells in the blood (mean � 0.26% 	 SEM � 0.07%, n � 14
mice, P � .005; Figure 1C; Table S2; positive response was

defined as the percentage of FluM1 tetramer�CD8� T cells in the
group vaccinated with LAIV 2-fold higher than the mean � 2SEM
in the group of control mice vaccinated with PBS or TT). Control
mice vaccinated with the TT vaccine did not show expansion of
FluM1-specific CD8� T cells (mean � 0.03% 	 SEM � 0.007%,
n � 7; Figure 1C; Table S2). Thus, the expansion of FluM1-
specific CD8� T cells in LAIV-vaccinated mice is driven by the
presentation of influenza antigen indicating specificity.

FluM1-specific CD8� T cells could also be detected in the
spleen and in the lung of LAIV-vaccinated mice (mean percentage
of CD8� T cells 	 SEM � 0.26% 	 0.09%, 0.17% 	 0.06%, and
0.16% 	 0.06% in the blood, spleen, and lung, respectively;
Figures 1D, S1). The percentages of FluM1-specifc CD8� T cells
in the lung and in the spleen correlated with the expansion of CD8�

T cells in the blood (Spearman r � 0.84 and r � 0.79; P 
 .001
and P 
 .001; Figure 1E and 1F, respectively). FluM1-specific
CD8� T cells were not detected in tissues of TT-vaccinated mice
(Figure 1D), further demonstrating the specificity of the response to
vaccine antigens.

Thus, vaccination of humanized mice with live attenuated
influenza virus results in expansion of FluM1-specific human
CD8� T cells.

Inactivated trivalent influenza vaccine expands FluM1-specific
CD8� T cells

The expansion of human CD8� T cells after vaccination with LAIV
could result from either a direct presentation of viral antigens by
infected human APCs or indirect presentation of viral peptides by
human APCs (ie, DCs) that captured infected cells or infected cell

Figure 1. The expansion FluM1-specific CD8� T cells in LAIV-vaccinated humanized mice. (A) LAIV vaccine was given intraperitoneally/intravenously; TT vaccine was
used as the control. (B) At day 12 after vaccination, the frequency of CD8� T cells binding FluM1-tetramer and HIVgag-tetramer in the blood was analyzed by flow cytometry.
Analysis gates are set for high intensity tetramer staining. Representative data from an experiment with 3 mice vaccinated with LAIV or TT. (C) The frequency of FluM1-specific
CD8� T cells in the blood at day 12 after vaccination from 4 experiments with 4 different donors. Two-tailed nonparametric Mann-Whitney test. (D) The frequency of CD8�

T cells binding FluM1-tetramer and HIVgag-tetramer in the spleen and lungs at day 14 after vaccination. (E) The frequency of FluM1-tetramer� CD8� T cells in the blood
correlates with their frequency in the spleen (Spearman correlation, P 
 .001) and (F) in the lung (Spearman correlation, P 
 .001).
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products (eg, pMHC complexes). Thus, to determine whether
human APCs in humanized mice are capable of indirect antigen
presentation, we vaccinated mice with trivalent inactivated vaccine
(TIV; 2006-2007 season) and analyzed the induction of influenza-
specific CD8� T cells. TIV is composed of 3 viruses that are
formalin-fixed, purified, and chemically disrupted to generate a
“split virus” that is not infective. As a result of this process, the
vaccine is enriched in HA and neuraminidase (NA) antigens;
contains M1 and nuclear protein (NP) structural proteins; but lacks
nonstructural NS1 protein. At day 12 after vaccination, circulating
FluM1-specific CD8� T cells could be detected in 4 of 4 mice:
0.88%, 0.49%, 1.2%, and 0.44% (Figure 2A). Such results were
reproduced in 5 independent cohorts of humanized mice generated
using cells from 4 different HLA-A*0201 healthy volunteers
(Figure 2B; Table S3). Altogether, 15 of 17 mice vaccinated with
TIV showed expansion of FluM1-specific CD8� T cells
(mean � 0.50% 	 SEM � 0.12, n � 17; Figure 2B; Table S3).
FluM1-specific CD8� T cells binding tetramers with high intensity
could also be detected in the spleen and lungs (Figure 2C). These
results suggest that antigens of the inactivated vaccine are captured
by human APCs and processed for indirect presentation in vivo to
antigen-specific CD8� T cells.

To further analyze the role of human APCs in the expansion of
influenza-specific CD8� T cells in vaccinated mice, TIV vaccine
was administered to NOD/SCID �2m�/� mice that were reconsti-
tuted with T and B cells but did not have human DCs because they
were not transplanted with human CD34� HPCs (see mice
construction and experimental scheme in Figure 3A,B). Both
cohorts were reconstituted with the same number of T cells
(20 � 106 per mouse). As shown in Figure 3C, these partially
reconstituted mice did not expand FluM1-specific CD8� T cells in
response to TIV vaccine, whereas the 3 of 3 control humanized
mice did (Figure 3D). FluM1-specific CD8� T cells could not be
detected at day 27 (Figure 3E), indicating a complete absence of
response rather than a delayed response. The lack of FluM1-specifc
CD8� T-cell response in the blood of partially reconstituted mice
was not related to the absence of CD8� T cells, which could be
detected at all time points and increased with time (Figure 3F).
Furthermore, even after a boost vaccination at day 27, spleens of

NOD/SCID �2m�/� mice that were transferred with T and B cells
did not harbor FluM1-specific CD8� T cells (Figure S2). The
kinetics analysis in fully reconstituted humanized mice showed a
peak response in blood at day 12 followed by a gradual disappear-
ance of influenza antigen-specific CD8� T cells by day 20. The
disappearance of FluM1-specific CD8� T cells in fully reconsti-
tuted mice was not related to the disappearance of human CD8�

T cells (Figure 3F), suggesting contraction of the antigen-specific
CD8� T cell pool. Thus, human APCs other than B cells, most
probably DCs, are able to present vaccine antigens in vivo to CD8�

T cells, thereby allowing their expansion.

Trivalent influenza vaccines expand CD8� T cells with broad
specificities

To determine the breadth of elicited responses, human CD8�

T cells, isolated from spleens 14 days after vaccination, were
exposed for 8 hours to either the HIV gag77-85 peptide (SLYNT-
VATL) or 3 HLA-A*0201–binding influenza antigen-derived pep-
tides (Flu-M158-66, nonstructural protein 1 [NS1122-130 AIMDK-
NIIL], and nucleoprotein [NP383-391 SRYWAIRTR]) in the presence
of anti-CD28 and anti-CD49d. CD8� T-cell activation was as-
sessed by measuring intracellular IFN-� with flow cytometry
(Figure 4A). This analysis showed responses to FluM1 (0.8%
CD8� T cells in the spleen, Figure 4A), thus confirming the
tetramer binding data (Figure 1). NS1-specific CD8� T-cell expan-
sion could also be detected (0.3% CD8� T cells in the spleen;
Figure 4A,B). No expansion of NP-specific CD8� T cells could be
detected, possibly because of the low affinity binding of this
peptide for HLA-A*0201 (not shown). Less than 0.1% CD8�

T cells expressed IFN-� in response to HIV gag peptide, further
demonstrating the specificity of influenza responses.

Thus, mice vaccinated with LAIV vaccine generate recall CD8�

T-cell immunity to at least 2 of the vaccine antigens (Figure 4A).
The presence of responses to NS1 peptide derived from nonstruc-
tural protein further suggests in vivo infection of cells by the LAIV
vaccine. Vaccination of mice with TIV also resulted in the
expansion of FluM1-specific CD8� T cells secreting IFN-� (0.75%
CD8� T cells, Figure 4C). In contrast to mice vaccinated with

Figure 2. The expansion of FluM1-specific CD8�

T cells in TIV-vaccinated humanized mice. Experi-
ment as in Figure 1, except that mice received TIV
vaccine. (A) Specific CD8� T cells binding FluM1-
tetramer and HIVgag-tetramer by flow cytometry. Rep-
resentative mice from an experiment with 4 mice
vaccinated with TIV. (B) The frequency of FluM1-
specific CD8� T cells in the blood at day 12 after vaccina-
tion from 5 experiments with 4 different donors. Two-tailed
nonparametric Mann-Whitney test. (C) CD8� T cells in the
spleen and lungs at day 14 after vaccination.
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LAIV, mice vaccinated with TIV did not show the expansion of
NS1-specific CD8� T cells (Figure 4C), consistent with the lack of
NS1 protein expression on vaccination with killed influenza
virus.29 These findings were reproduced in 2 independent cohorts
of mice reconstituted with cells from 2 different healthy volunteers
(Figure 4D). The lack of NS1-specifc CD8� T-cell differentiation
was further confirmed by the lack of CD8� T cells binding NS1
peptide-loaded tetramer in the blood of mice vaccinated with TIV
(Figure 4E).

Trivalent influenza vaccines expand CD8� T cells with different
effector phenotypes

To further establish differentiation of antigen-specific CD8� T cells
into effector cells, we analyzed cytokine expression together with
surface expression of CD107a, a surrogate marker of CTL func-
tion.30 Blood cells of TIV-vaccinated mice showed 2 subsets of
antigen-specific CD8� T cells, ie, double IFN-�� CD107a� and
single IFN-�neg CD107a� cells (1.57% and 1.77% of total CD8�

T cells, respectively, in the representative experiment, Figure 4F).
A similar pattern of CD8� T-cell differentiation was found in the
lung from the same mice (0.17% of IFN-�� CD107a� CD8�

T cells, Figure 4F). Only very few FluM1-specific CD8� T cells
expressed IL-2 and/or TNF-� (data not shown). Thus, the predomi-
nant phenotype of CD8� T cells expanded by vaccination is that of
highly differentiated effector cells. A similar phenotype of FluM1-
specific CD8� T cells was found in LAIV-vaccinated mice that
were reconstituted with cells from the same healthy donor (not
shown). Thus, humanized mice vaccinated with trivalent influenza
vaccines generate FluM1-specific effector CD8� T cells.

Intranasal vaccination with LAIV leads to expansion of
FluM1-specific CD8� T cells in blood and tissues

Because humans are administered LAIV intranasally, we tested this
route of vaccination in humanized mice. In this experiment, 3 of
4 mice vaccinated with LAIV intranasally demonstrated expansion
of FluM1-specific CD8� T cells in the blood: 0.12%, 0.23%, and
0.29% of CD8� T cells at day 12 after vaccination (Figure 5A).
Analysis of draining lymph nodes (pooled cervical and mediastinal
lymph nodes) revealed the presence of FluM1-specific CD8�

T cells (Figure 5B). CD8� T cells with FluM1 specificity could also
be detected in control lymph nodes (pooled axillary and inguinal
lymph nodes; Figure 5B), further indicating the ability of human
antigen-specific CD8� T cells to circulate through lymphatic and
peripheral tissues in vaccinated mice. Accordingly, FluM1-specific
CD8� T cells could also be detected in the blood, spleen, and lungs
of the same mice (Figure 5B from representative mouse; Figure
S3). Thus, mucosal delivery of vaccine antigens permits the
expansion of influenza-specific CD8� T cells in humanized mice.

Discussion

Herein we analyzed the breadth, magnitude, and quality of CD8�

T-cell responses in humanized mice vaccinated with seasonal
influenza vaccines. Our humanized mouse is based on NOD/SCID
�2m�/� mice, which, when transplanted with human CD34�

HPCs, develop in vivo all human DC subsets and B cells.22 In this
model, T cells are adoptively transferred, thereby permitting us to

Days after vaccination Days after vaccination

Figure 3. Cross-presentation of FluM1 in human-
ized mice. Experimental protocols: (A) NOD/SCID
�2m�/� mice were reconstituted with 20 � 106 sorted
T cells and with 10 � 106 sorted B cells (purity � 99%)
and vaccinated with TIV intraperitoneally/intravenously.
(B) NOD/SCID �2m�/� mice were transplanted with
CD34� HPCs and reconstituted with 20 � 106 autolo-
gous sorted total T cells (purity � 99%) before vaccina-
tion. TIV was given intraperitoneally/intravenously.
(C,D) The frequency of FluM1-specific CD8� T cells in
NOD/SCID �2m�/� mice (C) or (D) in humanized mice
at day 12 after vaccination. (E) The frequency of
FluM1-specific CD8� T cells (mean 	 SEM, n � 3 for
each cohort at each time point) at different time points
after vaccination. (F) The numbers of total human
CD8� T cells (mean 	 SEM, n � 3 for each cohort at
each time point) measured in the same volume of blood
at different time points after vaccination.
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exploit the influenza-specific memory T-cell compartment to
measure the in vivo function of human APCs in humanized mice.

Here we show that fully reconstituted humanized mice vacci-
nated with LAIV vaccine expand CD8� T cells specific to at least
2 influenza virus antigens, matrix protein 1 and nonstructural
protein 1. The expansion of CD8� T cells with at least 2 specifici-
ties demonstrates the capacity of human APCs to process and

present multiple vaccine antigens in vivo in humanized mice.
Because nonstructural protein is expressed only on cell infection,
the expansion of NS1-specific CD8� T cells indicates active
infection in vivo on LAIV vaccination. Importantly, immune
responses are generated via the natural route of vaccination with
LAIV (ie, via mucosal intranasal delivery). It remains to be
established whether the expansion of human CD8� T cells after

Figure 4. The breadth and effector phenotype of
elicited influenza-specific CD8� T cells. Vaccination
as indicated in figure panels. Single-cell suspensions
from tissues harvested at day 14 after vaccination were
stimulated for 8 hours with indicated peptides and
antibodies against CD28 and CD49d. The frequency of
IFN-�–secreting CD8� T cells by flow cytometry.
(A-D) Spleen analysis. (A) Representative experiment.
(B) IFN-�–secreting CD8� T cells (mean 	 SEM, n � 3)
after stimulation with indicated peptides. (C) Analysis
after vaccination with TIV or TT. (D) The frequency of
IFN-�–secreting CD8� T cells (mean, n � 4) specific to
indicated peptides. (E) Blood: specific CD8� T cells
binding FluM1 and NS1 tetramer in humanized mice
vaccinated with LAIV or TIV. (F) Blood and lungs of TIV
or TT-vaccinated mice. IFN-� and CD107a expression
by CD8� T cells in response to HIVgag or FluM1
peptides.

Figure 5. Intranasal vaccination with LAIV permits
expansion of FluM1-specific CD8� T cells. (A) Blood
of mice vaccinated with LAIV intraperitoneally/intrave-
nously (i.v./i.p.) as in Figure 1 or intranasally (i.n.).
Frequency of CD8� T cells binding FluM1 tetramer at
day 12 after vaccination. (B) Flu-M1 specific CD8�

T cells in draining and control lymph node (LN) suspen-
sion pooled from 3 mice; blood, spleen, and lung from
representative mouse.
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vaccination with LAIV result from direct presentation of viral
antigens by lung-resident human APCs that become infected and/or
from indirect presentation of viral peptides by human APCs (ie,
DCs) that captured infected murine lung epithelial cells.

Humanized mice vaccinated with killed influenza virus (TIV)
vaccine show expansion of FluM1-specific CD8� T cells. Because
this vaccine is composed of killed viruses, generation of specific
responses demonstrates the capacity of human APCs of indirect
presentation of vaccine antigens. In line with this, NOD/SCID
�2m�/� mice reconstituted with T and B cells but lacking myeloid
cells cannot support expansion of influenza-specific CD8� T cells
on TIV vaccination. Thus, in this scenario, B cells are not able to
present vaccine antigens in vivo to CD8� T cells, suggesting that
myeloid cells, most probably DCs, play this role. These results are
consistent with murine studies in mice depleted of CD11c� DCs,
which fail to cross-present exogenous antigens and therefore
cannot prime antigen-specific CD8� T cells.31

The exact nature of immune responses generated by LAIV and
TIV vaccines as well as mechanisms of protection remains to be
understood, and our current model might help in doing so.
Classically, TIV vaccine is considered more efficient in generation
of humoral rather than CD8� T-cell responses.32 For example, in
the analysis of vaccinated children 5 to 9 years of age, the mean
percentages of IFN-�–secreting influenza antigen-specific T cells
(both CD4� and CD8�) increased significantly after LAIV, but not
after TIV immunization.33 However, the phenotypic changes of
influenza-specific CD8� T cells on vaccination appear to differ
depending on the age of vaccine as well as on the type of vaccine.34

This might be related to the standard intramuscular route of
vaccination with TIV. Herein, both vaccines delivered intrave-
nously and intraperitoneally generate comparable magnitudes of
FluM1-specific CD8� T-cell responses.

Protective vaccination against influenza continues to be a public
health issue. New approaches to vaccination are being developed,
including the use of reverse genetics for rapid production of virus
preparation containing the HA and NA of circulating strains,32

attenuated virus with altered NS1 gene,35 adjuvants,36,37 and
strategies aimed to target DC subsets.12 Current models for
influenza vaccine testing rely on ferrets, and more recently guinea
pigs, for clinical protection.38 There is, however, a need for models
to test the immune efficacy of these novel vaccination strategies.
This need may now be at least partially alleviated by the use of

humanized mice as we demonstrate herein. This in turn will allow a
new approach to the rational design and preclinical testing of
much-needed influenza vaccines as well as other vaccines that
cannot be tested in human volunteers.
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