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Background Zoonotic infections with H1N1 influenza viruses

that evolved initially from the 1918 virus (1918) and adapted to

swine threatened a pandemic in 1976 (1976 swH1N1) and a novel

reassortant H1N1 virus caused a pandemic in 2009–2010 (2009

pH1N1). Epidemiological and laboratory animal studies show that

protection from severe 2009 pH1N1 infection is conferred by

vaccination or prior infection with 1976 swH1N1 or 1918.

Objectives Our aim was to demonstrate cross-protection by

immunization with 2009 pH1N1 or 1976 swH1N1 vaccines

following a lethal challenge with 1918. Further, the mechanisms of

cross-protective antibody responses were evaluated.

Methods Mice were immunized with 1976 swH1N1, 2009

pH1N1, 2009 seasonal trivalent, or 1918 vaccines and challenged

with 1918. Cross-reactive antibody responses were assessed and

protection monitored by survival, weight loss, and pathology in

mice.

Results and Conclusions Vaccination with the 1976 swH1N1 or

2009 pH1N1 vaccines protected mice from a lethal challenge with

1918, and these mice lost no weight and had significantly reduced

viral load and pathology in the lungs. Protection was likely due to

cross-reactive antibodies detected by microneutralization assay.

Our data suggest that the general population may be protected

from a future 1918-like pandemic because of prior infection or

immunization with 1976 swH1N1 or 2009 pH1N1. Also, influenza

protection studies generally focus on cross-reactive

hemagglutination-inhibiting antibodies; while hemagglutinin is the

primary surface antigen, this fails to account for other influenza

viral antigens. Neutralizing antibody may be a better correlate of

human protection against pathogenic influenza strains and should

be considered for vaccine efficacy.

Keywords 1918 influenza, 1976 influenza, 2009 pandemic H1N1,

cross-protection, microneutralization.
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Introduction

During 1918–1919, an influenza pandemic was responsible

for the deaths of up to 50 million people worldwide, killing

more people than any influenza pandemic in recorded his-

tory.1,2 Approximately 30% of the global population was

clinically infected during the 1918 pandemic and survivors

developed specific antibody responses.3 In the last decade,

genomic RNA was isolated from several patients who died

from influenza in 1918, and using plasmid-based reverse

genetics, the complete 1918 H1N1 influenza virus has been

reconstructed.4 The fully reconstructed 1918 virus is lethal

to mice and macaques following a low dose inoculation4,5

and although rigorous biocontainment precautions are used

when handling this virus, there has been some concern that

this reconstructed 1918 virus could be re-introduced into

the population, causing another devastating 1918-like pan-

demic.

The origin of the 1918 influenza virus is unresolved, but

the genome of the virus is very avian-like.6,7 It is likely that

humans subsequently transmitted the 1918 virus to swine8

and the North American classical swine H1N1 viruses have

circulated in pigs since that time, causing occasional zoo-

notic infections in humans, such as the 1976 outbreak at Fort

Dix in New Jersey.9 No prior contact with pigs and human-

to-human transmission was documented for more than 200

recruits at Fort Dix, thus inciting fear of a 1918-like outbreak

in a population with little immunity to H1N1 influenza.10
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Scientific and government organizations supported a preven-

tative measure to produce enough vaccine to protect the

population, and more than 40 million people were vacci-

nated against 1976 swine H1N1 (1976 swH1N1).11

After the 1957 H2N2 influenza pandemic, 1918-derived

seasonal H1N1 influenza strains were no longer isolated,

only to return to human circulation in 1977.12 These

H1N1 viruses continued to circulate in humans and

became a more mild seasonal strain by accumulating muta-

tions in antigenic sites13 and acquiring other mutations,

such as a truncated PB1-F2. The novel H1N1 of the pan-

demic of 2009–2010 (2009 pH1N1) derives its hemaggluti-

nin (HA) from the North American swine triple

reassortant H1N2 virus and its neuraminidase (NA) from

an evolutionarily, independently emerged Eurasian avian-

like swine H1N1 virus.14 An estimated 61 million people

have been infected globally, and millions have been vacci-

nated against 2009 pH1N1.15

Seroepidemiologic studies have demonstrated pre-exist-

ing immunity in the population, primarily in people over

60 years old, against the 2009 pH1N1.16–19 The origin of

this immunity is likely due to previous exposures and ⁄ or

vaccinations with cross-reactive viruses, such as pre-1957

H1N1 viruses or the 1976 swH1N1 vaccine. Adults who

received at least 1 dose of the 1976 vaccine have high levels

of cross-reactive antibodies to 2009 pH1N1.17 Vaccination

with the current seasonal trivalent influenza vaccine (2009

TIV) offers little or no protection against 2009 pH1N1

infection.16,20 Animal studies have further supported the

human epidemiologic data, demonstrating protection

against a lethal dose of 2009 pH1N1 by prior infection or

vaccination with the 1918 or 1976 swine H1N1, while only

partial protection with recent seasonal H1N1 viruses or

vaccines.21–23 Additionally, a recent study has demonstrated

that 2009 pH1N1 vaccination protects mice against a lethal

1918 infection.24 Structural and antigenic analyses have

shown high similarity of the HA of 1918 and 2009

pH1N1.22,23,25 Whether vaccination with the closely related

1976 swH1N1 or 2009 pH1N1 vaccines confers protection

against infection with the 1918 virus and the role of HA

and NA in cross-protection were therefore examined in the

studies described in this report. Mice were vaccinated with

1976 swH1N1, 2009 pH1N1, or 2009 TIV vaccines and

then challenged with a lethal dose of 1918 virus. We dem-

onstrated protection against weight loss, which correlated

with significantly reduced pulmonary pathology and virus

titers in the lungs of mice vaccinated with the inactivated

1976 and 2009 pH1N1 preparations. Protection correlated

with cross-reactive microneutralization (MN) antibody

titers, which likely involves both HA to reduce virus attach-

ment and entry and NA to reduce the release of virus from

cells and thus virus spread.26 These data suggest that either

prior infection or vaccination with 1976 swH1N1 or 2009

pH1N1 may protect the population from a possible future

1918 or 1918-like pandemic. Further, the protection con-

ferred by NA, not only HA, should be considered in

immunologic and cross-protection analyses.

Materials and methods

Virus
The fully reconstructed 1918 H1N1 influenza virus was

previously prepared using a standard reverse genetics sys-

tem.4 Virus and infectious samples were handled under

biosafety level 3 (BSL3) enhanced laboratory conditions in

accordance with the select agent guidelines of the National

Institutes of Health and the Centers for Disease Control

and Prevention.

Vaccines
The vaccine strain used for the 1976 swH1N1 vaccine was

the original X-53 reassortant, comprised of HA and NA

from A ⁄ New Jersey ⁄ 11 ⁄ 76 and the remaining segments

from A ⁄ PR ⁄ 8 ⁄ 34 for high yield.27 The fully reconstructed

South Carolina ⁄ 1 ⁄ 18 H1N14 was used for the 1918 vaccine.

Both of these viruses were grown in 10-day-old eggs, and

allantoic fluid was harvested and clarified by low-speed

centrifugation. Virus was inactivated using b-propiolactone

(BPL; Sigma, St Louis, MO, USA) and concentrated by ul-

tracentrifugation at 100 000 g for 2 h. Inactivated virus was

purified using a 30% sucrose cushion at 100 000 g for 2 h

and pelleted by ultracentrifugation at 100 000 g for 2 h.

Total protein was quantified using the Bradford BCA assay

(Pierce, Rockford, IL, USA), and the proportion of HA and

NA of total protein was determined by Coomassie blue

staining. The commercial monovalent pandemic 2009 H1N1

subunit vaccine, which is derived from BPL-inactivated

A ⁄ California ⁄ 7 ⁄ 2009 H1N1 (Novartis, Cambridge, MA,

USA), and the trivalent seasonal subunit vaccine comprised

of BPL-inactivated A ⁄ Brisbane ⁄ 59 ⁄ 2007 (H1N1), A ⁄ Uruguay ⁄
716 ⁄ 2007 (H3N2), and B ⁄ Brisbane ⁄ 60 ⁄ 2008 (Novartis)

were provided by Dr Matt Memoli, NIAID ⁄ NIH (Bethesda,

MD, USA).

Homology analysis
Sequences for HA and NA from all four influenza vaccine

strains were downloaded from GenBank were aligned and

compared using the LaserGene Megalign program (DNAS-

tar, Inc., Madison, WI, USA).

Mouse experiments
Groups of 6- to 8-week-old female BALB ⁄ c mice (Jackson

Labs, Bar Harbor, ME, USA) were lightly anaesthetized with

isofluorane supplemented with O2 (1Æ5 l ⁄ min) and immu-

nized with 1Æ5 lg HA (H1) of the inactivated virus vaccine

in 50-ll total volume (1 ⁄ 10 commercial human dose) by
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intramuscular injection in the hind leg. Two weeks later,

mice were boosted with the same amount of vaccine. Four

weeks after the initial vaccination, mice were anaesthetized

as described previously and challenged intranasally with 10·
LD50 (2Æ5 · 103 pfu) of 1918 virus in 50 ll DMEM. Survival

and body weight were monitored for 14 days, and mice were

humanely euthanized if more than 25% body weight was

lost. Lungs were collected for viral titration (n = 3 per vac-

cine group) and pathologic examination (n = 2 per vaccine

group) at 2 and 4 dpi. Virus titers were measured from 10%

(w ⁄ v) lung suspensions by plaque assay after homogeniza-

tion in sterile L15 media. All experimental work was per-

formed in an enhanced ABSL3 laboratory at the NIH,

following approval of animal safety protocols by the NIH

Animal Care and Use Committee.

Hemagglutination inhibition assay
Sera were collected 1–2 days before and 28 days after vacci-

nation from all mice. Sera were treated with receptor

destroying enzyme (RDE; Denka Seiken, Tokyo, Japan), and

the hemagglutination inhibition (HI) assay was performed as

described previously.22 Data are presented as the reciprocal

geometric mean titers (GMT) of the highest serum dilution

completely inhibiting turkey red blood cell agglutination by

8 HA units of the appropriate homologous virus or 1918.

Microneutralization assay
For determination of MN titers, serially diluted serum sam-

ples were incubated with 50· TCID50 of 1918 in 50 ll for

1 h and 2Æ5 · 104 MDCK cells were added and incubated

overnight. The inoculum was removed, and cells were incu-

bated for 72 h in DMEM supplemented with 2 lg ⁄ ml

TPCK-trypsin. MN titers are reported as the reciprocal of

the final dilution that neutralizes virus, as defined by a neg-

ative HA result at a 1:1 dilution, using turkey RBCs.

Neuraminidase inhibition (NI) assay
To measure NA-inhibiting antibody titers against NA, a

reassortant virus containing the appropriate N1, an avian

H6, and the remaining segments from A ⁄ Puerto Rico ⁄ 8 ⁄ 34

(H1N1) (PR8) was created using plasmid-based reverse

genetics, as described previously4 and inactivated with BPL.

BPL inactivation did not impact NA activity. The NI assay

was performed as described previously.28,29 Briefly, serial

dilutions of heat-inactivated sera were transferred to

96-well plates coated with fetuin. Virus diluted in PBS with

Ca ⁄ Mg to a standard NA activity level was then added to

the wells and the mixture incubated overnight at 37�C. The

plates were washed and incubated for 2 h at room temper-

ature with peanut agglutinin conjugated to peroxidase. The

plates were washed before the addition of O-phenylenedi-

amine dihydrochloride, and the reaction with this substrate

stopped after 10 min by the addition of 1 N H2SO4. Absor-

bance was read at 490 nm on a plate reader. The NA inhi-

bition titer was defined as the inverse of the greatest

dilution that gave at least 50% inhibition of NA activity.

Histopathological and immunohistochemical
analyses
Following 24-h fixation in 10% formaldehyde, inflated lung

samples were embedded in paraffin, cut into 5 lm sections,

and mounted on positively charged slides (American His-

toLabs, Gaithersburg, MD, USA). Influenza virus antigen

distribution was evaluated by immunohistochemistry using

the manufacturer’s protocol (Invitrogen Corporation,

Carlsbad, CA, USA) as described previously.30 A single

pathologist reviewed the histopathology and immunohisto-

chemistry in a blinded fashion.

Statistical analyses
The percent weight loss and lung virus titers were assessed

using one-way analyses of variances (anova) with one

between group variable (dpi or vaccine treatment; Graph

Pad Prism, La Jolla, CA, USA). Specific comparisons to

mock-vaccinated mice were carried out using the student’s

t-test. Mean differences were considered statistically signifi-

cant if P < 0Æ05.

Results

Mice were protected from lethal infection with
1918 by vaccination with the 1976 and 2009
pH1N1 vaccines
To determine whether vaccines using viruses that have

evolved from the parental 1918 strain provide protection

against a lethal 1918 infection, mice were immunized with

commercial 2009 pH1N1 or 2009 TIV subunit vaccines or

1976 or 1918 H1N1 whole virus vaccines (see Materials and

methods) and subsequently infected with the 1918 virus. All

of the mice that were immunized with the 1976, 2009

pH1N1, or 1918 vaccines (5 ⁄ 5 per group) survived chal-

lenge with a lethal dose (10· LD50) of 1918 (Figure 1A) and

did not lose weight during infection (Figure 1B; P > 0Æ05).

Immunization with the 2009 TIV resulted in 80% (4 ⁄ 5)

protection against death following infection with 1918;

however, all of these mice lost an average of 20Æ2 ± 1Æ8% of

body weight, which was significantly more than 1918, 1976,

or 2009 pH1N1-vaccinated mice (Figure 1A,B; anova:

F3,59 = 18Æ5, P < 0Æ0001). Mice that were mock-vaccinated

with PBS (0 ⁄ 5) did not survive (Figure 1A,B).

Immunization with 1976 and 2009 pH1N1
vaccines reduced the amount of infectious virus
in the lungs of mice infected with 1918
Mice immunized with the 1976 vaccine had about 2 logs

less infectious virus in the lungs at both 2 and 4 dpi with

Easterbrook et al.
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1918 than mock-vaccinated mice (Figure 2; anova:

F3,11 = 8Æ3, P = 0Æ008). Mice that received the 2009 pH1N1

vaccine had almost 3 logs lower viral titers in the lungs

during peak infection with 1918, at 2 dpi, than mock-vacci-

nated mice (Figure 2; t = 2Æ9, P = 0Æ04, d.f. = 4). Mice that

received the 1918 vaccine had no detectable virus in the

lungs after challenge with the homologous virus (Figure 2).

Administration of the 2009 TIV did not reduce viral titers

in the lungs at either time point during infection with 1918

when compared with mock-vaccinated mice (Figure 2).

Vaccination with 1976 and p2009 H1N1 protected
mice from severe pathology caused by 1918 infec-
tion
The histopathology and influenza viral antigen distribution

of lung tissue in mice challenged with the 1918 virus were

characterized by analyzing formalin-fixed, paraffin-embed-

ded stained sections. Consistent with previous studies,4

mock-vaccinated mice that were subsequently challenged

with the 1918 virus showed pathology consisting of a

marked, transmural necrotizing bronchiolitis and multifocal

alveolitis. This pattern was present at 2 dpi but was more

prominent at 4 dpi (Figure 3A–D). Correlating to the

marked histopathological changes, abundant influenza viral

antigen was observed in both bronchiolar and alveolar epi-

thelium (Figure 3B,D). Mice vaccinated with the 2009 TIV

and subsequently challenged with 1918 showed a histopath-

ological pattern very similar to mock-vaccinated mice (Fig-

ure 3E,F), with transmural necrotizing bronchiolitis and

multifocal alveolitis and abundant influenza viral antigen in

both bronchiolar and alveolar epithelial cells. In contrast,

mice vaccinated with either the 2009 pH1N1 (Figure 3G,H)

or 1976 (Figure 3I,J) vaccines and subsequently challenged

with the 1918 virus showed a histopathological pattern of

focal bronchiolitis with luminal necrotic debris and only

rare, focal alveolitis. Influenza viral antigen was noted in

luminal necrotic debris with bronchioli but not in alveolar

epithelial cells. In contrast, mice vaccinated with the homol-

ogous 1918 vaccine before challenge showed no histopatho-

logical changes in the lung and no evidence of influenza

viral antigen by immunohistochemistry (Figure 3K,L).

Sera from mice immunized with the 1976 or 2009
pH1N1 vaccines neutralized 1918
Vaccination resulted in serum HI GMT >40 to each

homologous virus and was similar among vaccination

groups (75–150 GMT; data not shown), demonstrating

both a sufficient and comparable immunization success.

Sera from mice immunized with the 1976 or 2009 pH1N1

vaccines had detectable HI GMTs against 1918, though

reduced 15- to 21-fold when compared to the homologous

virus (Table 1). Sera from mice vaccinated with the 2009

TIV had no inhibition of HA activity of the 1918 virus

(Table 1).

NA-inhibiting (NI) antibody titers were measured

against a virus expressing the NA of the 1918 strain, using

100

101

102

103

104

105

106

107

108

2009 TIV Mock

1918 1976 2009 pH1N1

Day 2 p.i. Day 4 p.i.

*
*

*

* *

*Vaccine<Mock; P < 0·05

pf
u/

g 
lu

ng
 ti

ss
ue

Figure 2. Mice immunized with the 1976 or 2009 pH1N1 vaccines

had reduced virus titers in the lungs following challenge with 1918

than mice that received the 2009 trivalent influenza vaccine or vehicle

alone. Mice were vaccinated, and the amount of infectious virus in the

lungs following challenge with 1918 was measured by plaque assay.
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Figure 1. Mice administered the 1976 or 2009 pH1N1 survived a

lethal 1918 influenza infection. Mice were immunized with the 1976,

2009 pH1N1, 2009 trivalent influenza vaccine, 1918 vaccine or vehicle

alone and were monitored daily for survival (a) and weight loss (b) for

14 days.
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an unrelated HA reassortant virus to avoid interference by

HA-specific antibodies. As expected, inhibition of 1918 NA

activity was highest for the 1918 vaccinated mice, with an

NI GMT of 120Æ0 ± 19Æ1 (Table 1). Although reduced, 60%

(6 ⁄ 10) of mice immunized with the 1976 vaccine had

detectable NI titers against 1918, averaging 13Æ3 ± 2Æ1,

whereas mice that received the 2009 pH1N1, 2009 TIV, or

vehicle alone did not have detectable NI GMT against 1918

(Table 1). All mice vaccinated with 1976 had detectable NI

titers, averaging 112Æ5 ± 19Æ2, against the appropriate

H6N1 virus with the homologous NA, whereas only 40%

of mice immunized with the commercial inactivated 2009

pH1N1 vaccine had detectable NI titers against the homol-

ogous virus. Vaccination with the commercial 2009 TIV

did not elicit any detectable antibodies against NA of the

homologous strain, A ⁄ Brisbane ⁄ 59 ⁄ 2007 (H1N1).

Figure 3. Pulmonary pathology caused by infection with 1918 was

reduced in mice vaccinated with 1976 or 2009 pH1N1 vaccines.

Photomicrographs of hematoxylin- and eosin-stained tissue sections and

immunohistochemically stained sections to detect influenza viral antigen

from mice infected with different influenza virus constructs at day 4

post-challenge with 1918. Viral antigen is stained red-brown on a

hematoxylin-stained background. Original magnifications, ·100. (A–D)

Sections from a vehicle-alone vaccinated animal subsequently

challenged with the 1918 virus showing (A) marked transmural

necrotizing bronchiolitis (arrows) and (C) multifocal alveolitis

(arrowhead). Abundant viral antigen was noted in (B) bronchiolar

epithelium (arrow) and (D) alveolar lining cells (arrowhead). (E, F)

Sections from a 2009 trivalent influenza vaccine-vaccinated animal

subsequently challenged with the 1918 virus showing (E) marked

transmural necrotizing bronchiolitis (arrows) and multifocal alveolitis

(arrowhead). Abundant viral antigen (F) was noted in bronchiolar

epithelium (arrow) and alveolar lining cells (arrowhead). (G, H) Sections

from a 2009 pH1N1-vaccinated animal subsequently challenged with

the 1918 virus showing (G) focal bronchiolitis with luminal necrotic

debris (arrow). Viral antigen (H) was noted in the necrotic debris within

the bronchiolar lumen (arrow). (I, J) Sections from a 1976-vaccinated

mouse subsequently challenged with the 1918 virus showing (I) focal

bronchiolitis with luminal necrotic debris (arrow). Viral antigen (J) was

noted in the necrotic debris within the bronchiolar lumen (arrow). (K, L)

Sections from a 1918-vaccinated animal subsequently challenged with

the homologous virus showing (K) no pathological changes. No viral

antigen (L) was noted.

Table 1. Microneutralization (MA) of 1918 and inhibition of its HA

and neuraminidase activity following immunization with 1918,

1976, 2009 pH1N1, and 2009 TIV vaccines

Vaccine MN: 1918 NI: 1918 HI: SC ⁄ 18

1918 400 ± 49 120Æ0 ± 19Æ1 107 ± 13

1976 179 ± 34 13Æ3 ± 2Æ1 6Æ5 ± 1Æ9
2009 pH1N1 165 ± 56 <10 7Æ2 ± 1Æ9
2009 TIV <10 <10 <1

Vehicle <10 <10 <1

Mice were immunized with 1Æ5 lg HA and boosted 2 weeks later,

and sera were collected 28 days after the initial vaccination.

HA, hemagglutinin; NI, neuraminidase inhibition; HI, hemagglutina-

tion inhibition; TIV, trivalent influenza vaccine.
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Cross-reactivity of antibodies elicited by vaccination with

1976, 2009 pH1N1, 2009 TIV, or 1918 inactivated vaccines

or vehicle alone with the 1918 virus was measured by MN.

Sera from mice administered the 1918 vaccine had the

highest MN titers against 1918, 400 ± 49 (Table 1). In con-

trast to HI and NI titers, substantial heterologous activity

was observed by MN; mice immunized with 1976 or 2009

pH1N1 vaccines had MN titers of 179 ± 34 and 165 ± 56,

respectively (Table 1). Administration of the 2009 TIV vac-

cine did not elicit detectable cross-neutralization titers

(Table 1).

Discussion

Antigenic sites of HA that are targeted by antibodies to

neutralize influenza viruses have been defined previously by

Brownlee and Fodor,31 using H1 residue numbering, as the

strain-specific epitopes Sa (141–142, 170–174, 176–181)

and Sb (201–212), as well as more conserved epitopes Ca1

(183–187, 219–222, 252–254), Ca2 (154–160, 238–239),

and Cb (87–92). Comparison of the amino acid sequences

of these epitopes in A ⁄ South Carolina ⁄ 1 ⁄ 1918 (H1N1)

(1918) with the 1976 swH1N1 vaccine strain, A ⁄ New Jer-

sey ⁄ 11 ⁄ 76 (H1N1) (1976), the 2009 pH1N1, A ⁄ Califor-

nia ⁄ 07 ⁄ 2009 (H1N1), and the 2009 TIV H1N1 component,

A ⁄ Brisbane ⁄ 59 ⁄ 2007 (H1N1), shows 86Æ5%, 80Æ8%, and

53Æ8% homology, respectively. Human seasonal H1N1

viruses have been undergoing rapid antigenic drift from

1918–1957 and again since the late 1970s.32 The seasonal

H1N1 viruses have also gained two highly conserved glyco-

sylation sites, whereas the pandemic viruses do not have

any glycosylation sites that can mask antigenic regions and

further reduce binding of pre-existing cross-reactive anti-

bodies.23 This suggests that HA-specific immunity, primar-

ily in antigenic regions of HA, that is induced by the 1976

and 2009 pH1N1 vaccines would provide greater protection

against 1918 challenge than seasonal TIV.

Antigenic regions of NA, specifically N1, have not been

defined, but the total sequence homology to 1918 is similar

among the H1N1 viruses examined: 87Æ4% for 1976

swH1N1, 87Æ2% for 2009 pH1N1, and 86Æ6% for the sea-

sonal A ⁄ Brisbane ⁄ 59 ⁄ 2007. Future research should be con-

ducted to better define regions of influenza NA

antigenicity. The 2009 pH1N1 received the NA from a Eur-

asian swine H1N1 virus and the seasonal H1N1 virus has

undergone substantial antigenic drift, so one could hypoth-

esize that the antigenic regions of the NA of the 2009 pan-

demic and seasonal H1N1 viruses would be less

homologous to the antigenic regions of the 1918 NA than

the NA of 1976 swH1N1 that was derived from 1918.

Mice immunized with the 1976 swH1N1 or commercial

human 2009 pH1N1 vaccines survived a lethal challenge

with 1918, lost no weight, and had 2–3 logs less virus in

the lungs early in infection when compared to mock-vacci-

nated mice. This was comparable to recently reported pro-

tection from a lethal infection with 1918 observed in mice

immunized with an inactivated 2009 pH1N1 reassortant

virus.24 Similarly, laboratory and epidemiological data sup-

port cross-protection between 2009 pH1N1 and 1918.17–

19,21–23 Infection induces T-cell-mediated responses (e.g.

CD8+ and CD4+ T-cell responses), in addition to humoral

responses, which may contribute to observations of greater

protection against challenge with a non-homologous, but

closely related, virus than protection following vaccination

with inactivated influenza viruses that primarily induces

humoral immunity.33,34

In contrast to 1976 and 2009 pH1N1 vaccination, immu-

nization with the 2009 seasonal TIV offered only partial

protection from a lethal 1918 infection. This is consistent

with other human and animal studies that demonstrate lit-

tle protection against a challenge with 2009 pH1N1 or

1918 after infection or immunization with seasonal H1N1

viruses or vaccines.16,20–24,35 The protection from death for

some mice vaccinated with the 2009 TIV may be a result

of antibodies to conserved epitopes of HA or matrix pro-

tein (M2),36 or the possible minor induction of IFN-c
secreting CD4+ T cells or CD8+ T cells. In humans, the

H1N1 antibody response is likely boosted or primed by

seasonal influenza infection or vaccination, but does not

offer complete protection because of high variability in the

antigenic regions of HA and NA.

Mice immunized with 1976 swH1N1 or 2009 pH1N1

vaccines induced MN titers (>150) against 1918, whereas

administration of the 2009 TIV or vehicle alone did not

neutralize against 1918. Protection against viral replication,

weight loss, and death was evident in mice that had mea-

surable MN titers against the 1918 virus, but no detectable

or very low (<40 GMT) HI or NI titers, supporting MN as

a means to evaluate vaccine efficacy. Such protective anti-

bodies may be detected by MN assay, but not HI or NI

assays, because they bind to HA epitopes that are not clo-

sely associated with the receptor-binding domain, have

specificity for conserved epitopes on antigens other than

HA, or have low affinity for HA or NA.The laboratory-pro-

duced whole virus vaccines were made as similarly as possi-

ble to the commercial vaccines, including the use of

vaccine strains when available (1976 swH1N1) and inacti-

vation with b-propiolactone, but HA quantification was

performed by densitometry to determine the percentage of

HA of total protein in the laboratory vaccines and by single

radial immunodiffusion (SRID) analysis for the commercial

vaccines, so discrepancies in the amount of HA adminis-

tered may be possible.

Virus neutralization was due primarily to cross-reactive

antibodies to HA that were elicited by vaccination. Neur-

aminidase, though to a lesser extent than HA, also may

Cross-protection against 1918 infection
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contribute to cross-protection among related influenza

viruses. Recombinant NA protein, in the absence of other

influenza virus proteins, can induce NA-specific antibodies,

reduce the replication of both homologous and heterovari-

ant virus, and suppress weight loss in mice by reducing

virus release from cells.26 Additionally, high levels of popu-

lation immunity to the 1957 pandemic N2, as well as the

N2 of subsequent seasonal strains, may have lessened the

severity of the 1968 pandemic in which the HA, but not

NA, underwent reassortment.37 In our experiments, mice

that received the 1976 vaccine had lower titers of virus in

the lungs than mock-vaccinated mice throughout infection,

whereas mice that received the 2009 pH1N1 vaccine had

less virus in the lungs that was limited to early infection at

2 dpi. It is possible that this may be because of a reduced

ability of the virus to be released from cells and spread effi-

ciently by cross-reactive NA-inhibiting antibodies elicited

by vaccination with the 1976 vaccine that were not evident

following 2009 pH1N1 vaccination. The 2009 pH1N1 and

2009 seasonal TIV vaccines were commercially derived and

elicited low or no antibody responses to the NA of the

appropriate homologous virus. This likely reflects steps in

the manufacturing process that do not retain a stable

immunogenic form of NA, while NA activity itself was

maintained. The role of NA in cross-protection is often

overlooked38 and should be recognized in vaccine develop-

ment and evaluation of population immunity. Future stud-

ies will examine the role of NA in protection against

influenza infection and whether NI titers from a labora-

tory-produced 2009 pH1N1 vaccine that possesses an

immunogenic NA can inhibit the activity of the 1918 NA.

Mice infected with a lethal dose of 1918 have necrotizing

bronchitis and bronchiolitis and moderate to severe alveoli-

tis that is composed of neutrophils, lymphocytes, and

macrophages, with accompanying edema and hemorrhage

and viral antigen is distributed throughout the lungs.39,40

Mock and 2009 TIV-vaccinated mice demonstrated similar

pathology following infection with 1918, while immuniza-

tion with 2009 pH1N1 or 1976 vaccines significantly

reduced the extent of pathology and the amount of viral

antigen in the lungs. These data correlated with survival

data and the amount of infectious virus in the lungs as

determined by plaque assay, thus reinforcing that the

amount of 1918 virus in the lungs directly correlates with

pathology.

The 1976 vaccination campaign may have helped protect

some of the normally high-risk older population during the

2009 pH1N1 outbreak, as well as any potential future expo-

sure to a 1918-like H1N1. Similarly, exposure to the 2009

pH1N1 and the associated vaccination campaign also may

contribute to protection against an accidental release or

zoonotic re-introduction of 1918 or 1918-like influenza.

Vaccination is an effective method of protection against

influenza infection and the associated morbidity and mor-

tality, but vaccine development should optimize the range

and duration of protection. Vaccines should not only elicit

antibodies against HA but also induce other protective

responses, such as antibodies against other surface antigens,

including NA and possibly M2, as well as innate, antiviral,

and T-cell responses. Thus, neutralization of influenza

infection may be a better correlate of protection for vac-

cines than the more limited and currently accepted mea-

surement of the ability to inhibit HA activity, as expressed

by HI titers.
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