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Abstract

For influenza hemagglutination inhibition (HAI) assays, species selection of red blood cells (RBCs) is critical to
determine antibody titers to influenza viruses reliably. We compared pandemic influenza virus A/H1N1
(pdH1N1) HAI titers using turkey or guinea pig RBCs. Turkey RBCs appear to be the more appropriate species
choice for influenza A/pH1N1 HAI assays.

Introduction

Influenza viruses are a global threat to public health
and, in the United States alone, millions of people are in-

fected on average each year (25). However, inactivated and
live attenuated influenza vaccines reduce the annual morbidity
and mortality by inducing protective antibodies against cir-
culating influenza viruses. The influenza virus hemagglutinin
(HA) protein mediates receptor binding to sialic acids on the
membranes of specific cell types, such as epithelial cells, in the
respiratory tract (2,5,19,23), and also binds sialic acids on red
blood cells (RBCs) resulting in hemagglutination. The ability
of influenza-specific antibodies to bind to the HA protein to
prevent hemagglutination of RBCs is the basis for the hem-
agglutination inhibition (HAI) assay, a quantitative and inex-
pensive approach to diagnose influenza infection serologically
(11,24,26), and measure the humoral immune response fol-
lowing influenza vaccination. An HAI titer of 1:40 has been
considered seroprotective (3), although this is somewhat
arbitrary.

Selection of the appropriate species of RBCs for the HAI
assay is important, since the affinity of the HA globular head
for sialic acid varies among the different types and strains of
influenza viruses (4,9,10,16,18). Sialic acid moieties are
bound to galactose sugars through a(2,3)-linkages (SAa2,3-
Gal) and/or SAa2,6Gal, depending upon the host species. The
proportion of these linkages differs across various species.
For instance, horse RBCs predominately contain SAa2,3Gal,
making it an ideal choice to determine HAI titers against

A/H5N1 strains (4,8,10). In contrast, RBCs from turkeys and
guinea pigs contain disproportionately more SAa2,6Gal than
SAa2,3Gal (1,4,10,13,21). Both species’ RBCs are com-
monly used to measure protection against A/H3N2 and
A/pH1N1 viral strains, though assay sensitivity may differ
between species (1,13,21). The composition of sialic acid
receptors on RBCs can be enzymatically altered to influence
detection of influenza hemagglutinin-specific antibody re-
sponses after influenza infection or vaccination (15,20). The
goal of this study was to compare antibody titers of the in-
fluenza vaccine strain A/California/7/2009 (pdH1N1) in a
cohort of older individuals from two different HAI data sets
obtained with turkey or guinea pig RBCs.

Older subjects between 50 and 74 years old (n = 106) re-
ceived a single intramuscular (IM) dose of the 2010–2011
seasonal trivalent influenza vaccine (TIV; Fluarix). The Mayo
Clinic Institutional Review Board granted approval for the
study. Written, informed consent from subjects was obtained
at the time of enrollment. Blood samples were collected prior
to (day 0) and following vaccination (days 3, 28, and 75).
Humoral immune responses were measured for each subject
at all time points by measuring HAI titers against the influ-
enza vaccine strain A/California/7/2009 (pdH1N1). The virus
was propagated in the allantoic cavity of embryonated
chicken eggs, and Vibrio cholerae filtrate (Sigma-Aldrich,
St. Louis, MO) was used for receptor-destroying enzyme
(RDE) treatment, as described elsewhere (22). Before the
HAI assay was performed, subjects’ sera were pretreated with
receptor-destroying enzyme (1:4 dilution; Accurate Chemical
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and Scientific, Westbury, NY; Sigma-Aldrich) to inactivate
nonspecific inhibitors of hemagglutination. Serial dilutions of
treated serum samples were permitted to react with influenza
virus at a fixed dose of 8 hemagglutinin units (HAU) per
50 lL, followed by the addition of either 0.5% turkey or 0.6%
guinea pig RBCs (Lampire Biological Laboratories, Pipers-
ville, PA). The virus was independently standardized against
the respective RBCs, which may also influence the actual
amount of virus included in each assay. All serum samples
were tested in triplicate. HAI titers were read after a 45 min

(turkey) or 1 h (guinea pig) incubation time. The HAI titer
was reported as the reciprocal of the highest dilution of serum
in which complete inhibition of hemagglutination occurred.
Influenza A/H1N1 antiserum (Centers for Disease Control
and Prevention, Atlanta, GA) was used as a positive reference
antiserum for the HAI assay using guinea pig RBCs. There
was no positive control available for the assay using turkey
RBCs. Negative controls consisted of serum and RBCs only.
Further details of the HAI assay have been described else-
where (12,24,26).

FIG. 1. A comparison of hemagglutination inhibition (HAI) titers against the H1N1 influenza vaccine strain obtained with
turkey or guinea pig red blood cells (RBCs) in an older adult population (percent). The dotted lines represent the lowest
level of seroprotection (1:40 HAI antibody titer).

Table 1. Distribution of Hemagglutination Inhibition Titers Using Turkey or Guinea Pig Red Blood Cells

Minimum
(HAI titer)

25th percentile
(HAI titer)

Median
(HAI titer)

75th percentile
(HAI titer)

Maximum
(HAI titer)

Turkey RBCs
Baseline 1:5 1:40 1:80 1:320 1:1,280
Day 3 1:5 1:80 1:80 1:160 1:2,560
Day 28 1:5 1:80 1:320 1:640 1:2,560
Day 75 1:5 1:80 1:320 1:320 1:2,560

Guinea pig RBCs
Baseline 1:5 1:10 1:20 1:40 1:640
Day 3 1:5 1:10 1:20 1:40 1:640
Day 28 1:10 1:40 1:80 1:160 1:640
Day 75 1:10 1:40 1:80 1:160 1:640

HAI, hemagglutination inhibition; RBCs, red blood cells.
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A comparison of the HAI titers determined for serum
samples obtained on days 0 (baseline), 3, 28, and 75 post-
vaccination with either guinea pig or turkey RBCs is shown
in Figure 1 and Table 1. The HAI titers of the two species
were statistically compared for each subject at each time
point using Wilcoxon signed-rank tests, and a p £ 0.0001
was considered significant. As expected, the percentage of
subjects achieving seroprotection increased post-vaccination
(Fig. 1 and Table 2), regardless of the species of RBCs used.
However, the Gaussian distribution appeared to shift con-
sistently to the left when guinea pig RBCs were used.

A fourfold or more increase in HAI titers post-vaccination
relative to day 0 indicates individual seroconversion (6,7).
On day 3, 106 (100%) and 101 (95.3%) subjects had less
than a fourfold increase in HAI titers relative to day 0 using
guinea pig and turkey RBCs respectively, as shown in Table
3. However, by day 28, the peak of humoral immunity,
differences in HAI titers were found between the two spe-
cies. For instance, 49 (46.2%) and 37 (34.9%) subjects
seroconverted when guinea pig and turkey RBCs, respec-
tively, were used, as shown in Table 3. On day 28, 57 out of
106 subjects (53.8%) had less than a fourfold increase in
HAI titers relative to day 0 using guinea pig RBCs, and 69
subjects (65.1%) had less than a fourfold increase in HAI
titers to day 0 using turkey RBC ( p < 0.01), as shown in
Table 3. By day 75, 45 subjects (42.5%) seroconverted as
determined by HAI assay with guinea pig RBCs, and 32
subjects (30.2%) seroconverted as determined by HAI assay
with turkey RBCs were used ( p < 0.005), as shown in Table
3. We found that turkey RBC-based HAI assays can be more
sensitive, but guinea pig RBCs can more accurately measure
seroconversion in our study subjects. However, further work
is needed to validate these results and to standardize the
serological RBC-based HAI assays for influenza vaccine-
induced humoral response assessment.

A plausible explanation for this discrepancy of HAI titers
between assays is procedural differences, including the
passage history of the influenza virus used. For instance,
prior to performing the HAI assay, packed guinea pig RBCs
(1:20 dilution) were incubated for 1 h with treated serum to
eliminate any possible nonspecific hemagglutination that
was not inhibited by RDE and/or inactivated by heat. In
contrast, prior to carrying out the HAI assay using turkey
RBCs, packed turkey RBCs were not preincubated with
serum, but were only washed with phosphate-buffered saline

(PBS). While RDE treatment and heat inactivation most
likely eliminated all nonspecific binding, any nonspecific
binding could potentially shift the dose–response curve to
the right. Another possible explanation is that the different
RBC substrates may provide different HA titers for the same
amount of virus. For instance, 1e6 plaque forming units
(pfu) of influenza H1N1 virus may give an HA titer of 32 for
turkey RBC, but only 16 for guinea pig RBCs. Therefore,
virus standardized to 8 HAU on the different RBCs would
actually contain different amounts of virions. It is possible
that more virus was used on one cell type to obtain an HA
titer of 8 than on the other cell type, therefore requiring
more antibody to prevent hemagglutination.

Another possible reason is the difference in the ease of
detectability of the HAI titration endpoint between the two
species. Turkey RBCs are nucleated and quickly settle to the
bottom of the V-shaped 96-well plate in the absence of hem-
agglutination, forming a condensed button (24,26). Guinea pig
(and human) RBCs form a halo of cells at the bottom of the
well. It is more difficult to distinguish partial hemagglutination
from complete hemagglutination when observing ‘‘halos’’
than when observing ‘‘buttons.’’ To improve the distinction
and for the better visualization of complete settling of RBCs,
the World Health Organization (WHO) recommends using a
higher percentage of guinea pig cells (0.75%) and consistent
standardization of RBC suspensions (26). While we used a
lower percentage of packed guinea pig RBCs (0.6%), we did
not observe a noticeable difference between 0.75% and 0.6%
RBCs (data not shown).

Though complete hemagglutination occurs in turkey and
guinea pig RBCs, along with chicken and human RBCs,
higher HAI titers have been reported for turkey RBCs fol-
lowing incubation with pH1N1 and H3N2 influenza strains
(14). For instance, the HAI titers were 2,048 HAU and 512
HAU following incubation of a human influenza H1N1 viral
strain (A/Puerto Rico/8/34) with turkey or guinea pig RBCs
respectively (14). HAI titers were also higher using turkey
RBCs (1,024) than guinea pig RBCs (256) with a swine
influenza H1N1 isolate (A/Swine/Kor/GC0503/05) (14). In

Table 2. Rates of Seroprotection (1:40)
at Baseline and at Day 28 or Day 75

Using Turkey or Guinea Pig RBCs

Baseline

Turkey RBC Guinea pig RBC

< 1:40 ‡ 1:40 < 1:40 ‡ 1:40

Day 28
< 1:40 1 0 21 1
‡ 1:40 9 96 48 36

Day 75
< 1:40 1 0 25 0
‡ 1:40 9 96 44 37

Table 3. Fold-Change Comparisons of the

HAI Titers in Study Subjects at Day 3,
Day 28, and Day 75 Using Turkey

or Guinea Pig RBCs

Guinea pig RBC

< Fourfold
change

‡ Fourfold
change

Day 3 relative to baseline
Turkey RBC

< Fourfold change 101 0
‡ Fourfold change 5 0

Day 28 relative to baseline
Turkey RBC

< Fourfold change 54 15
‡ Fourfold change 3 34

Day 75 relative to baseline
Turkey RBC

< Fourfold change 54 20
‡ Fourfold change 7 25
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addition, two separate studies reported higher HAI titers
using turkey RBCs with different H3N2 isolates (14,21). It
is worth noting that the lowest HAI titers reported used
horse RBCs, which contains only SAa2,3Gal receptors (14).
This may suggest that turkey RBCs have a higher proportion
of SAa2,6Gal than guinea pig RBCs and, therefore, hem-
agglutinate at a higher titer. It may also suggest that the
affinity of hemagglutinin is lower for SAa2,6Gal on guinea
pig RBCs.

The gold-standard functional serological measurement of
humoral immunity against influenza vaccination/infection is
microneutralization (11,17). Due to the laborious and costly
nature of the assay, HAI assays are generally preferred in
larger-scale studies. In a study examining the concordance
of HAI and microneutralization antibody titers using RBCs
from six different species (human, chicken, turkey, goose,
pig, and horse), turkey RBCs produced the most comparable
results to human blood group O erythrocytes (geometric
mean titer = 72) (13).

In conclusion, our study suggests that the use of turkey
RBCs for HAI assays provides a higher measure of HAI
titers following influenza A/pdH1N1 vaccination than the
use of guinea pig RBCs. This study demonstrates the need to
standardize HAI protocols, including reference sera, re-
garding the appropriate species selection of RBCs specific
for a particular virus/viral strain, and the potential need to
revise WHO guidance on HAI assays. It also suggests that
HAI assays utilizing RBCs from difference species may not
exhibit the same performance. Thus, the cell choice may
vary depending on whether one is looking to detect anti-
bodies present in human serum, or whether one is trying to
determine seroconverion rates accurately. These improve-
ments will enhance serodiagnostic accuracy and will serve
as a more consistent correlate of vaccine-induced ser-
oprotection.
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