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Abstract

This study compared serum antibody titers and granzyme B (GrzB) levels in virus-stimulated
peripheral blood mononuclear cells following influenza vaccination. Twelve of 239 older adults who
subsequently developed laboratory-diagnosed influenza illness (LDI) had significantly lower GrzB
levels compared to subjects without LDI (P=0.004). Eight subjects with LDI in the previous year
showed an enhanced GrzB response to vaccination (P=0.02). Serum antibody titers following
vaccination did not distinguish those older adults who developed LDI from those who did not. These
results suggest that GrzB levels could be combined with antibody titers to more effectively predict
vaccine efficacy in older adults.
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1. Introduction

Influenza is foremost among all infectious diseases in the age-related increase in risk for serious
complications and death. Immunosenescence diminishes the ability of older adults to resist
influenza (particularly the A/H3N2 strains) and respond to vaccination. Rising hospitalization
and death rates have been observed despite widespread influenza vaccination programs [1,2].
The need to develop more effective influenza vaccines for older adults is widely recognized,
but whether or not the aged immune system has the capacity to respond, and what specific
components of the immune response would need to be stimulated for improved vaccine
efficacy, are poorly understood. Although the limitations of antibody titers as a sole measure
of vaccine efficacy in this population are increasingly recognized [3], alternate correlates of
protection are not readily available.

The importance of cytotoxic T lymphocytes (CTL) as a major contributor to defense
mechanisms against influenza in humans has long been recognized [4]. In peripheral blood
mononuclear cells (PBMC) from adults, influenza-specific memory CTL can be stimulated to
rapidly develop effector function that is below the sensitivity of traditional 51Cr-release assays
[5]. For this reason, we have developed an assay of granzyme B (GrzB), a key cytolytic
mediator released from the CTL into the virus-infected target through a process facilitated by
perforin. GrzB then stimulates a cascade of events within in the target cell that lead to apoptotic
cell death [6], and clearance of virus from the lungs [7]. GrzB activity in influenza-stimulated
peripheral blood mononuclear cells (PBMC) correlates with traditional measures of cytolytic
activity [8], and has been shown to be the earliest and main contributor to CTL-mediated killing
of influenza virus-infected cells in the mouse [9,10]. We have shown prospectively that prior
to influenza illness, GrzB levels are lower in the influenza-stimulated PBMC from older adults
who subsequently develop influenza illness compared to those who do not [11,12]. Further,
antibody titers prior to exposure to influenza did not distinguish between those who developed
influenza illness from those who did not [12].

To develop an assay of cell-mediated immunity that would have broad application to the older
adult population, the study protocol was designed with limited exclusion criteria and recruited
a subset of very high-risk older adults with congestive heart failure (CHF). The method is a
relatively simple assay of GrzB activity in lysates of PBMC stimulated ex vivo with live
influenza virus, as a potential predictor of protection against influenza in vaccinated older
adults. The GrzB assay has been further developed and is now standardized against a
commercially available GrzB standard so that it can be validated for use across different studies
and laboratories.

Herein, we report data showing that GrzB activity not only correlates with protection against
influenza but also demonstrates the potential capacity of older adults to mount an enhanced
response to influenza. We also show that in the ex vivo response to influenza virus, increased
levels of GrzB are largely produced in the T cell (CD3+ or CD3+CD56+) subset with relatively
little increase in the activated natural killer (NK) cell (CD3—-CD56+) subset. Further, the
phenotype of virus-activated GrzB+ T cells is consistent with a virus-specific effector function.
Given that the antibody response to influenza vaccination was again shown to have limited
ability to predict protection from influenza in older adults [12], measures of both antibody and
CTL/GrzB responses are proposed as a more robust evaluation of protection against influenza
in this population.
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2. Material and Methods

2.1. Study design and participants

This was a prospective study of 239 adults age 60 years and older (median, 75 years old; range,
60-95 years old) recruited in the vicinity of the Greater Hartford Area of Connecticut in each
of two consecutive influenza seasons (2003-04 and 2004-05). A second subset of subjects
from the study conducted during the 2008-09 season was also studied. All subjects were
recruited through written informed consent. The Institutional Review Board of the University
of Connecticut Health Center approved the protocol and informed consent document. Older
adults without CHF were recruited through mailings to a registry list of older adults in the
community who indicated an interest in participating in research studies at the University of
Connecticut Health Center (UCHC). Older adults with CHF were recruited through the UCHC
Congestive Heart Failure Center. Subjects were excluded for an acute respiratory illness in the
two weeks preceding study enrolment, insulin-requiring diabetes in subjects without CHF, any
conditions or medications causing immunosuppression such as prednisone > 10 mg/day, or
any contraindications to influenza vaccination.

2.2. Procedures

Study participants were characterized according to demographics, presence or absence of CHF,
medications including HMG CoA reductase inhibitors (statins), and functional capacity
according to performance on the 6-Minute Walk Test (6-MWT). All subjects received the
standard dose of the licensed trivalent split-virus influenza vaccine containing A/New
Caledonia/20/99 (H1N1), A/Panama/2007/99 (H3N2), and B/Hong Kong/330/2001-like virus
in 2003-04, and A/New Caledonia/20/99 (H1N1), A/Fujian/41/2002-like (H3N2), and B/
Shanghai/361/2002 in 200405, and A/Brisbane/59/2007 (H1N1)-like, A/Brisbane/10/2007
(H3N2)-like, and B/Florida/4/2006-like in 2008-09. Serum and heparinized blood samples
were collected prior to vaccination and at 4 and 10 weeks post-vaccination in 2003-04 and
2004-05, or at 4 weeks post-vaccination in 2008-09; a serum sample was collected at the end
of the influenza season for all subjects.

2.3. Influenza surveillance

Influenza surveillance for laboratory-diagnosed influenza illness included weekly telephone
reminders to participants during the influenza season to report any respiratory (cough, sore
throat, shortness of breath, or runny or stuffy nose) and related systemic (fever or feverishness,
muscle aches, malaise, or fatigue) symptoms. Any subjects reporting at least two respiratory
symptoms or one respiratory and one systemic symptom during the influenza season were
identified as influenza-like illness, and laboratory-diagnosed influenza (LDI) confirmed by
virus culture from nasopharyngeal swabs or seroconversion (4-fold rise in antibody titer from
pre- to post-illness).

2.4. Cell culture, virus stimulation and granzyme B assay

PBMC were isolated from venous blood samples at 0, 4 and 10 weeks post-vaccination by
Histopaque gradient purification and stimulated in AIM V medium (GIBCO) containing 1.5
x 106 lymphocytes/ml, 3 x 108 TCIDsg/ml of influenza A/H3N2 or B strains (cell-derived live
virus preparations, generous gift from Solvay Pharmaceuticals, The Netherlands) similar to
the vaccinating strains and as previously published for PBMC prepared and stimulated in the
first year [12]. PBMC lysates were harvested after 20 hours of culture and frozen at —80° C
until completion of the study in each year. GrzB activity was measured in PBMC lysates (20
ul) by cleavage of the substrate, IEPDpna, (BACHEM) as previously described [12]. The
standard for the GrzB assay was prepared as a lysate of interleukin-2-stimulated YT cells
(human natural killer cell line) in which GrzB activity is calculated against a commercially
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available GrzB standard (Biomol) supplemented with bovine serum albumin (2 pg/ul). A 1:2
serial dilution of YT lysate was included on each assay plate and a standard curve generated
against which GrzB activity was calculated as A405 units (first year) or Biomol GrzB units
(second year). GrzB activity is calculated as units per mg protein (BCA assay, Pierce) in the
PBMC lysates based on the concentration of GrzB activity (Biomol standard units) and adjusted
for the protein concentration (an estimate of the number of cells in the lysate at the time of
harvest).

2.5. Antibodies and flow cytometry

To confirm an age-dependent differential expression of cell surface markers, 1.0 x 106 cells/
well human PBMC were suspended in 500 pl AIM V medium containing PE-anti-CD107a
(H4A3) and 4 x 108 TCID50/ml of influenza A/Aichi/68 (H3N2) virus or without virus
stimulation in a 48-well multiplate for 12 hours. Cells were prepared for flow cytometry as
previously described [12]. PerCP-anti-CD8, APC-anti-CD56, PE-anti-CD107a, and FITC-
anti-GrzB antibodies were purchased from BD Biosciences. Briefly, resuspended 1x10° cells
were washed with cold 0.2% FBS/PBS twice before incubation with Abs to CD8 (SK1), CD56
(B159) and CD107a for 20 minutes on ice, and following washing, the cells were fixed with
2% paraformaldyhyde and permeabilized with permeabilization buffer (eBioscience, Inc. San
Diego, CA), then incubated with FITC-anti-GrzB (GB11) antibody for 20minutes on ice. All
samples were acquired with LSRII (BD Biosciences), and data were analyzed by using
CellQuest (BD Biosciences).

2.6. Assays of serum antibodies to influenza

Serum antibody titers measured by hemagglutination inhibition (HAI) assays were performed
as previously described [13] using 2-fold dilutions of serum from 1/10 to 1/1024 and a single
stock source for each of the hemagglutinin antigens (Centers for Disease Control, Atlanta, GA)
and representing the strains of virus contained in the vaccine. Geometric mean titers were
calculated using logy conversion for each dilution. Seroprotection is defined as an antibody
titer > 40 and seroconversion as a 4-fold or greater rise in antibody titer.

2.7. Statistical Methods

GrzB levels were log transformed (logyo) to approximate a normal distribution of the data and
in the completed analysis, reported as the geometric mean (antilog of mean log,g GrzB) for
the group or subset. To analyze the combined data from the two study years, A4gs units/mg
protein (A4gs) for GrzB activity used in the first year needed to be converted to Biomol units/
mg protein (Biomol), as measured in the second year. Given the linear relationship between
Ayps units and Biomol units, a regression analysis of the mean log GrzB activity for each of
the time points and types of responses to vaccination in the two study years generated the
following regression equation for the linear relationship: Biomol = 2.094 + 0.447 * Aygs, With
coefficient of determination r2=0.978. GrzB results of the two studies were combined as
logyp GrzB (Biomol U/mg protein) for the analysis. Subjects were divided into four subsets
for the analysis including: 1) subjects who developed LDI after 4-weeks post-vaccination (Flu
subset), 2) subjects who did not develop LDI (NoFlu subset), 3) subjects who had a LDI
concurrent with the 4-week post-vaccination time point in the first year (Flu at 4-wks), and 4)
subjects who had LDI in the first year and response to vaccination measured in the second year
to determine the effect of a prior influenza illness (Prior Flu). The analysis compared ex vivo
levels of GrzB in the NoFlu subset to the Flu, Prior Flu and Flu at 4-weeks subsets. Because
age, the presence or absence of CHF, performance on the 6-MWT, lipid-lowering drugs
[statins], and antibody titers may be important in the immune response, they were assessed as
potential confounders in the relationship between GrzB levels and the development or not of
LDI.
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Serum antibody levels were calculated as the log;-transformed reciprocal titer and reported
as the geometric mean titer (GMT; antilog of mean log; reciprocal titer) for each group or
subset. GMT, seroconversion and seroprotection rates were compared between LDI and non-
LDI groups.

To evaluate the effect of the 6-MWT, the continuous variable was transformed to a nominal
variable based on whether the distance walked was above or below 1100 ft (> or < 1100 ft).
Differences in lab values between groups were assessed using the t-test for parametric
variables. Significance of the response to vaccination was tested using a paired t-test.

Analyses were performed using SPSS 12.0 (SPSS Inc., Chicago, IlI). For initial exploratory
data analysis, a general linear model (GLM) was used to determine the relationships between
antibody titers or GrzB levels, and the development or not of LDI and for confounders in the
analysis. Analysis of variance (ANOVA) was used to compare antibody titers and Grz B levels
within and across different time points in the study. A threshold level of protection was defined
as a GrzB level greater than the upper limit of the 95% confidence interval for the Flu subset
at 4-weeks post-vaccination.

Flow cytometry experiments analyzed the response to virus stimulation as the change in the
proportion of lymphocytes in unstimulated compared to stimulated PBMC, for each group and
CD8+ or NK (CD8—-CD56+) lymphocyte subset using a repeated measures analysis of
variance. The overall response to virus stimulation was compared across the three study groups
using the Kruskal-Wallis test (Statview 5.0.1).

3.1. Influenza Outcomes

A total of 239 participants were enrolled in the two years of the study; 63 subjects were re-
enrolled from the first to the second year. In the first year, nine of 90 subjects developed LDI
but five subjects who developed LDI before 4-weeks post-vaccination were excluded; natural
infection in these five subjects enhanced the GrzB response masking the effect of vaccination
[12]. Thus only the four remaining cases from the first year were included in this analysis. An
additional eight of 149 older adults developed LDI in the second year and were also included:;
one subject was culture positive for and seven subjects seroconverted to the circulating A/
Wyoming (A/H3N2) strain. Thus, a total of 12 subjects (Flu subset; four from the first year
and eight from the second year) could prospectively be evaluated for the ability of GrzB levels
to predict risk for LDI. A second subset was identified as eight of the nine subjects who
developed LDI in the first year; these eight subjects (Prior Flu) enrolled in the study in the
second year and none of these subjects developed LDI in the second year. This Prior Flu subset
was treated as a separate subset in the analysis. Two subjects were withdrawn in the first year
due to serious adverse events unrelated to the study, which resulted in admission to a skilled
nursing facility. Two subjects deceased, one in the first and one in the second year. None of
these events were attributed to influenza illness. These four subjects were excluded from the
analysis for a total of 235 subjects who completed the study in the two influenza seasons.

3.2. Clinical variables and interactions with immunologic measures

Over the two studies, influenza attack rates were similar in CHF and non-CHF subjects, six of
86 older CHF subjects and 11 of 139 older subjects. A comparison of the clinical profiles for
CHF versus non-CHF subjects showed that the groups were similar in age but in the CHF

group, a larger proportion of subjects were male, had ischemic heart disease, diabetes and/or
COPD, walked less than 1100 ft. on the 6-MWT, and were taking statins, ACEI or B-blocker
medications (Table I). However, none of these factors including age, gender, medications or
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performance on the 6-MWT had a statistically significant interaction with GrzB levels or
antibody titers.

3.3. Association between granzyme B levels and influenza outcomes

Overall, there was a significant increase in GrzB levels from pre- to 4-weeks post-vaccination
as measured ex vivo (20-hour cultures) in lysates of PBMC stimulated with live influenza virus
similar to the A/H3N2 vaccine strain (paired t-test, p<0.0001). We postulated that the
development of influenza illness following vaccination is due to a poor CTL response to
influenza; the GrzB level in ex vivo virus-stimulated PBMC is used as a marker of CTL
cytolytic activity. Consistent with this hypothesis, the NoFlu subset produced significantly
higher levels of GrzB compared to the Flu subset (ANOVA, p=0.004; Figure 1A). At 4-weeks
post-vaccination, this result corresponded with a geometric mean GrzB level of 143 U/mg
protein in the Flu subset compared to 212 U/mg protein in the NoFlu subset (GLM, p=0.02).
Consistent with the lack of cross-reactivity between influenza A and B strains, there was no
significant difference in GrzB levels between Flu, NoFlu and Prior Flu subsets in PBMC
cultures stimulated with the influenza B virus at 4 and 10 weeks post-vaccination (Figure 1B).

3.4. Prior influenza illness improves the GrzB response to vaccination

Of the nine subjects who had LDI in the first year, eight subjects participated in the second
year (Prior Flu subset). In the second year, these eight subjects showed an enhanced response
to vaccination with significantly increased post-vaccination GrzB levels compared to the NoFlu
subset (ANOVA, p=0.02; Figure 1A). In terms of absolute differences, the geometric mean
GrzB level achieved post-vaccination was approximately 50% higher in the Prior Flu subset
compared to the NoFlu subset (308 U/mg protein vs. 212 U/mg protein; p<0.05) at 4-weeks
post-vaccination. These results suggest that CTL from aged individuals have the capacity to
mount an effective CTL response to influenza and that new vaccines could be designed to
effectively restimulate CTL memory and improve vaccine efficacy in older adults.

3.5. GrzB is produced by cytolytic effector T cells

To characterize the CTL (CD8+) that activate GrzB in response to influenza virus, PBMC were
stimulated for 12 hours with live influenza virus and analyzed by flow cytometry for the
expression of CD107a and intracellular GrzB in CD8+ T cells and activated NK cells (CD8
—CD56+). Cell surface expression of CD107a is an indicator of degranulating activity of GrzB
+ CTL responding to live influenza virus [14-16], and CD56 was used an activation marker
for both CTL (CD8+CD56+) and NK (CD8-CD56+) cells. Representative dot plots for each
of the CD8+CD56—, CD8+CD56+ and CD8—CD56+ subsets show higher proportions of GrzB
+ lymphocytes within the CD8+CD56+/— and CD8—-CD56+ subsets in unstimulated PBMC
from both older adult groups (more that one-half) compared to young adults in whom the
proportion of GrzB+ lymphocytes was less one-fifth of these two subsets. Because GrzB is
activated by a terminal dipeptidylase cleavage [6] at the time of activation of the cytolytic cell,
commercially available antibodies to GrzB may not distinguish between active and inactive
GrzB in flow cytometric analyses of different CD8+ subsets. This presents a similar challenge
to determining the contribution of NK cell to GrzB activity as a large proportion of NK (CD16
+) cells contain GrzB. Thus, antibodies to CD56 and CD107a were used to identify cytolytic
effector cells within each of the CD8 and NK subsets. Compared to unstimulated controls,
influenza-stimulated PBMC showed a substantial increase in the proportion of CD8+ and
activated NK (CD8—-CD56+) cells that express CD107a (Figure 2A), consistent with the
expected proportion of virus-specific CTL responding to virus stimulation.

To determine the effect of age and CHF on the response to influenza virus, PBMC from healthy
young and older adults and older adults with CHF (n=5/group) were analyzed at 4 weeks post-
vaccination (2008-09 season) by flow cytometry for the expression of intracellular granzyme

Vaccine. Author manuscript; available in PMC 2010 April 21.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McElhaney et al.

Page 7

B (GrzB) and the degranulation marker, CD107a, on CD8+ T cells (CD56— or CD56+) and
activated NK cells (CD8—CD56+) after 12 hours in culture in the presence or absence of live
influenza virus (Representative dot plots, Figure 2A). The proportion of peripheral blood
lymphocytes (PBL) that were CD8+CD56— was significantly lower in healthy older adults
compared to the other two groups (p=0.04) but did not increase in response to virus stimulation
for any of the three study groups. In contrast, there was an overall significant increase in the
proportion of cells that were CD8+CD56+ (activated CTL; p=0.03) or CD8—CD56+ (activated
NK cells; p=0.003) in response to virus stimulation (Figure 2B). In unstimulated PBMC, both
older adult groups compared to the young adult group showed a higher proportion of GrzB+
PBL in the CD8+ subsets (data not shown); in the CHF group, this was associated with an
increased proportion of lymphocytes in all three subsets (CD8+CD56+, CD8+CD56—, CD8
—CD56+) expressing CD107a (Figure 2C). With virus stimulation, there was an overall
significant increase in the proportion of CD107a+GrzB+ in each of the CD8+CD56—
(p=0.0003), CD8+CD56+ (p<0.0001) and CD8-CD56+ (p<0.0001) subsets but this response
was statistically greater in healthy young and older adults compared to older adults with CHF
in all three subsets (Figure 2C). These differences between the three groups resulted in a
significantly reduced overall response to influenza virus in the CHF group (Figure 2D); the
change with virus stimulation in the proportion of PBL that were CD107a+ and GrzB+ within
the CTL (CD8+CD56+/-) and activated NK cell (CD8—CD56+) subsets was significantly
lower for the CHF group compared to the healthy young and older groups (p<0.005 for CD8
+, p<0.02 for CD8—-CD56+). There were too few subjects to determine whether differences
between healthy young and older adults were statistically significant.

3.7. Association between antibody titers and influenza outcomes

Geometric mean antibody titers for the first year of the study have been previously reported
[12]. All subjects in the second year showed a significant antibody response to vaccination for
all three strains of virus (p<0.0001 for all three stains; Figure 3, data shown for the A/H3N2
vaccine strain only). The eight subjects with previous LDI expectedly had elevated antibody
titers but showed a similar antibody response to vaccination compared to the Flu and NoFlu
subsets. Consistent with the first year results, geometric mean antibody titers to the infecting
AJH3N2 strain in the second year were not significantly different in the subjects who developed
LDI compared to those who did not (Figure 3). Similarly, the mean-fold increase in titer and
seroconversion and seroprotection rates to vaccination with the H3N2 strain were not
statistically different across the three subsets (Table 11). As expected, the prior influenza A/
H3N2 infection did not affect antibody titers to the A/H1N1 or B strains (data not shown).
However, seroprotection rates were significantly higher for the HIN1 strain in the NoFlu subset
compared to the other subsets (Table 1), an unexplained observation that requires further
exploration.

4. Discussion

The association between declining cellular immune function and loss of influenza vaccine
efficacy with aging is well documented but the underlying mechanism is poorly understood.
Clearly, additional correlates of protection to that provided by antibody titers are needed for
advances in vaccine technology and the development of more efficacious vaccines for the older
adult population. Current influenza vaccines contain split virus particles and thus as killed
viruses, are poor stimulators of the CTL response that is largely directed by epitopes derived
from the internal proteins of influenza virus in humans. Probably because of CTL memory
from prior exposure to natural influenza infection, a CTL response to vaccination can be
observed as a change in multiple read-outs of the CTL response to influenza vaccination [17-
19] including GrzB activity in PBMC stimulated with live virus[12]. Although both antibody
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and CTL responses to influenza vaccination may contribute to protection, these responses may
not necessarily be correlated [20].

The data presented shows that the ex vivo CTL response to vaccination measured in an assay
of GrzB activity predicts susceptibility to influenza illness. This GrzB activity correlates with
cytolytic activity in ®1Cr-release assays in influenza-stimulated PBMC [8,21]. GrzB is co-
expressed with perforin and is contained in most CD8+ T cells expressing the degranulation
marker, CD107a, consistent with a cytolytic effector function. Our results also suggest that
activated NK cells contribute to the GrzB activity measured; however, it has been previously
shown that expression of IFN-y and perforin by these activated NK cells is a T-cell dependent
process [22]. Thus, the total GrzB response to influenza that is derived from or dependson T
cells may be important for protection against influenza. Consistent with the substantial
increased risk of complicated influenza illness in older adults with CHF, there was a marked
reduction in the proportion of CTL and NK cells responding to influenza virus stimulation.

Preliminary results suggest that the high proportion of GrzB+ CTL in unstimulated PBMC and
the poor response to virus stimulation in the CHF group is due to an increase in terminally
differentiated effector memory CTL. Further experiments are planned to determine the amount
of GrzB activity in purified CTL and NK cell subsets of resting and virus-stimulated PBMC
and whether these terminally differentiated CTL can produce active GrzB In response to virus
stimulation.

Previous studies in humans included only non-influenza-infected lung tissue. Thus, the
question of function and differentiation of T cells can be answered at the site of but not at the
time of influenza challenge. These studies in human lung tissue have shown much higher
frequencies of influenza virus-specific memory CD8 T cells compared to peripheral blood.
However, these lung resident CTL had a relatively late differentiation phenotype and low levels
of GrzB compared to the higher levels expressed in virus-specific T cells in peripheral blood
[23]. The authors concluded that these lung resident CTL were non-cytotoxic memory cells.
Our results are consistent with the findings of this study showing that memory CTL are in the
peripheral blood rather than the lungs. In contrast to the CTL response to viral peptides alone
[24], we have shown that T cells responding to live influenza virus express high levels of GrzB
and significantly increase the expression of CD107a on the cell surface, consistent with the
development of a cytolytic effector function in the early stage of infection.

Unlike antibody responses to split-virus vaccines that are largely strain-specific, CTL
responses are cross-reactive within most strains of influenza A (or within the strains of
influenza B) and CTL memory can be restimulated by exposure to the virus. The data presented
shows that older adult CTL have the capacity to mount an enhanced response to influenza
vaccination, in this case due to restimulation of CTL memory from natural influenza A/H3N2
infection in the previous year. This is a very important observation suggesting that a
reformulated influenza vaccine designed to stimulate the CTL response could improve
protection in this population.

An important new development in the GrzB assay is the standardization of activity against a
commercially available GrzB standard. The assay can now be validated across multiple
laboratories and used to establish a threshold level of GrzB activity in ex vivo PBMC lysates
as a correlate of protection. As an example of how this might be applied, it is important to
understand that a correlate of protection can only be defined in those subjects with known
infection, i.e., those who developed influenza illness. From this study, a protective level could
be defined as GrzB activity greater than the upper limit of the 95% confidence interval at 4-
weeks post-vaccination in the subset of subjects who subsequently developed influenza illness
(200 U/mg protein). Future studies are designed to validate the assay in multiple laboratories
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and prospectively test this threshold of GrzB activity as a correlate of protection and
consistency with current estimates of influenza vaccine efficacy and effectiveness in older
people [25,26].

In two separate influenza seasons, it has been shown that antibody titers do not effectively
distinguish those older adults who will go on to develop influenza from those who will not.
These results are consistent with an earlier study reporting that of 72 vaccinated elderly who
were later confirmed to have influenza infection, 60% should have been protected based on
classical hemagglutination inhibition (HI) assays (HI titer > 1:40), with 31% of infected
vaccinees having very high titers (HI titres > 1:640) [27]. Together, these data indicate antibody
titers are a correlate, not a guarantee of protection; there are apparent successes and apparent
failures of inactivated vaccine in older adults that cannot be explained by serum
hemagglutination inhibition antibody titers [28].

Poor vaccine-mediated protection in older adults has been attributed to age-related defects in
cellular immune function based on polyclonal stimulation, which correlate with protective
versus non-protective levels of influenza-specific antibody titers [29,30]. Further studies
combining measures of both humoral and cellular immune responses could shed light on how
each of these responding lymphocyte subsets may contribute to cytolytic mechanisms of
protection against influenza, and to cytokine-mediated cellular immune responses to influenza
vaccination with aging [3,12,31].

A potential limitation of this study relates to differences in the timing of the influenza seasons,
starting in late November in the first year and in late January in the second year. However, the
level of immune markers following vaccination appears to have been the same for both the
early and later influenza season, and is consistent with previous results showing that the CTL
response to influenza vaccination is maintained for 14-16 weeks following vaccination in this
population [17]. A second limitation is that influenza attack rates were too low to detect in
subjects who developed influenza, a difference in GrzB levels between older adults with and
without CHF. Although subjects with significant CHF (walking less than 1100 ft on the 6-
MWT) have a slightly increased GrzB levels in influenza-stimulated PBMC, our flow
cytometric studies suggest that this activity may be present at baseline and is associated with
a poor response to influenza challenge.

In summary, our results suggest that the assay of GrzB activity in ex vivo virus-stimulated
PBMC provides a responsive and complementary measure to antibody titers in the evaluation
of influenza vaccine effectiveness in older adults. Further studies are needed to define a
threshold level of GrzB activity as a correlate of protection in the development of both seasonal
and pandemic influenza vaccines. Finally, we have shown that in spite of age-related changes
that compromise immune function, older adults may still have to capacity to respond to
reformulated influenza vaccines that are targeted to effectively re-stimulate CTL memory.
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Figure 1.

PBMC stimulated 20 hours with live influenza virus and granzyme B (GrzB) activity measured
in PBMC lysates. Geometric mean GrzB levels are shown for each of the study subsets
including subjects who did not develop influenza in either influenza season (No flu), subjects
who subsequently developed influenza (Flu), and subjects who had had influenza during the
previous influenza season (Prior Flu). Results are shown for the pre- (0 wks) and post-
vaccination (4- and 10-wks) time points. (A) Results for PBMC stimulated with the A/H3N2
strain of influenza virus. In the Flu subset (n=12), the GrzB response to vaccination was poor
and mean GrzB levels were significantly lower post-vaccination compared to the No flu subset
(n=210, p=0.004). The effect of a previous influenza A/H3N2 illness on the response to
vaccination was demonstrated in the Prior flu subset (n=8), showing an enhanced response
with significantly increased post-vaccination levels of GrzB when compared to the No flu
subset (p=0.02). (B) Results for PBMC stimulated with the influenza B strain at 4-weeks and
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10-weeks post-vaccination (pre-vaccination not tested) in the second year showed no

significant difference between the three subsets, consistent with the lack of cross-reactivity
between strains of influenza A and B. Error bars represent standard error of the mean.
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Figure 2.

PBMC from healthy young (HY) and older (HO) adults, and older adults with congestive heart
failure (CHF) obtained at 4 weeks post-vaccination (2008-09 season) were cultured for 12
hours in the absence (No virus) or presence (+ Virus) of live influenza virus. The proportion
of CD8+ (CD56— or CD56+) and CD8—CD56+ within the peripheral blood lymphocyte (PBL)
population, and the proportion expressing intracellular granzyme B (GrzB) and the
degranulation marker, CD107a, are shown. (A) Representative dot plots are shown for
lymphocytes expressing CD8 and/or CD56 (1%t column), and the expression of GrzB and
CD107a in subsets of CD8+CD56— (2"d column), CD8+CD56+ (3 column), and CD8—CD56
+ (4 column) subsets. (B) The graph shows the individual results for the proportions of
lymphocytes that were CD8+CD56—, CD8+CD56+ or CD8—CD56+ in virus-stimulated
PBMC and controls; the crossbar indicates the median for each group. The CD8+CD56— subset
did not increase with virus stimulation and healthy older adults showed significantly lower
proportion of PBL in this subset compared to the other two groups (p=0.04). In contrast, there
was a significant increase in the proportion of CD8+CD56+ (activated CTL; p=0.03) and CD8
—CD56+ (activated NK cells; p=0.003) in response to virus stimulation. (C) The proportion of
lymphocytes expressing CD107a and GrzB is shown for each of the three CD8/CD56 subsets.
Overall, there was a significant increase in the proportion of CD107a+GrzB+ in the CD8
+CD56— (p=0.0003), CD8+CD56+ (p<0.0001) and CD8-CD56+ (p<0.0001) subsets with
virus stimulation. (D) Individual results for the overall response to influenza virus within each
of the effector subsets of CTL (CD8+CD56+/-CD107a+GrzB+) and activated NK cells (aNK,
CD8-CD56+CD107a+GrzB+) are shown as the % of total PBL. There was a statistically
significant increase in the proportion of CD8+ and CD8-CD56+ subsets within the total PBL
population (p<0.0001) but the response in both subsets was significantly lower for the CHF
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group compared to the healthy young and older groups (p<0.005 for CTL, p<0.02 for activated
NK cells),
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Figure 3.

Geometric mean antibody titers measured in serum, pre- (0 wks) and post-vaccination (4- and
10-wks) are shown for the 2004-05 influenza season. In subjects who developed influenza
illness (Flu, n=8), antibody titers to the infecting strain, A/Wyoming (A/H3N2), were similar
to those who did not develop influenza except at 20-weeks post-vaccination where elevated
titers reflect the response to influenza infection in the Flu subset. Prior Flu subjects (n=8)
maintained high titers to A/Wyoming due to influenza infection in the previous influenza
season but the response to vaccination was similar to the Flu and No Flu subsets. Error bars
represent standard error of the mean
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Table 1
Subject Characteristics

Variable CHF (n=96) Non-CHF (n=143) P Value™
Mean Age, years (median; range) 76.2 (75.5; 60-95) 74.9 (75.7; 61-95) 0.19
Gender [female] n (%) 44 (46%) 108 (75%) <0.001
6-MWT [>1100ft] n(%) 42 (44%) 128 (89%) <0.001
Hypertension 54 (56%) 73 (51%) 0.51
Diabetes 18 (19%) 2 (1%) <0.001
Stroke 2 (2%) 4 (3%) 0.99
Ischemic Heart Disease 34 (35%) 21 (15%) <0.001
COPD 9 (8%) 4 (3%) 0.04
Statins n (%) 64 (67%) 56 (39%) <0.001
ACEI n (%) 43 (45%) 30 (21%) <0.001
b-blockers n (%) 53 (55%) 33 (23%) <0.001
NSAIDs n (%) 5 (5%) 17 (12%) 0.11

6-MWT = subjects who walked >1100ft in the 6-minute walk test
Statins = HMG CoA reductase inhibitor drugs

ACEI = angiotensin converting enzyme inhibitor drugs
B-blockers = p-blocker drugs

NSAIDs = non-steroidal anti-inflammatory drugs including cyclooxygenase Il inhibitors but not including aspirin in doses < 325 mg

*
Chi square Fisher's exact test (2 sided) for p value (except age).

1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Vaccine. Author manuscript; available in PMC 2010 April 21.



Page 19

McElhaney et al.

NIH-PA Author Manuscript

€0°0=d
.

€00¢/0¢/uelllic/g = ueliic/g

(ZNEH) £00z/e/ButwoApy = BuluoApn v
(TNTH) 66/02/21U0P3[eD MBN/V = [EOMON/Y

1eak pug Ut BZuanjyur ou pue 1634 1T U1 BZUBN|UI = N|5 JOLd

Jeak pug Ul BZUSNjul = ni4

1eak pu 40 3T Ul BZUN|JUL OU = NION

() 8 (2) 88 (Mer (Mer (Mer (¢) sz Ny} Jold
(%) 05 (9) €9 Mer () sz (¢) se (Mmet ni4
() 65 (€8) 59 L28) sv (1r) ee (ov) Le (s¢) 82 UEEN
uenc/g | BuiwoAmyw | reomeN/v | ueniic/g | BulwoAmwyw | reOmeN/Y
(u) 95 serey UoOnosl0IdoIss (u) 94 Se1RY UOISI8AU0I0IS

PPN UcN ul uoljeuidde/ ezusnjjuj 03 ssley Co_uomuo‘_o_o‘_ww pue uoISisAU03043S

I 8lqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Vaccine. Author manuscript; available in PMC 2010 April 21.



