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This study sought to define the role of memory lymphocytes in the protection from homologous influenza A virus re-
challenge in rhesus macaques. Depleting monoclonal antibodies (mAb) were administered to the animals prior to their
second experimental inoculation with a human seasonal influenza A virus strain. Treatment with either anti-CD8a or anti-
CD20 mAbs prior to re-challenge had minimal effect on influenza A virus replication. Thus, in non-human primates with pre-
existing anti-influenza A antibodies, memory B cells and CD8a" T cells do not contribute to the control of virus replication
after re-challenge with a homologous strain of influenza A virus.
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Introduction

Seasonal influenza A virus infection is a highly contagious, acute
respiratory tract disease of humans that causes substantial
morbidity and mortality, particularly among the young, old, and
immunocompromised [1]. After infection of people with an
antigenically novel influenza A virus strain there is a 2-3 day
period of virus replication and the full range of adaptive immune
responses develops in response to the antigen produced [2,3].
Influenza-specific antibodies are detected within 7 to 12 days of
infection and gradually decline over the first 6 months post
infection. Neutralizing antibodies specific for influenza hemagglu-
tinin (HA) and neuraminidase (NA) correlate with protection from
disease after exposure to a homologous influenza A virus [2].
Although most humans mount T cell responses to the immuno-
dominant Matrix 1 protein after natural infection [4]; the human
T cell response seldom extends to the other influenza A virus
proteins [4]. Further, the role of antiviral T cell responses in
controlling influenza A virus replication in people is undefined.
Humans previously infected with one strain of influenza A virus
are solidly protected from disease upon subsequent exposure to the
homologous influenza A virus and this protection is associated
with the presence of high titer antiviral antibodies [5]. Upon re-
exposure to a homologous virus, virus replication is either
completely blocked or severely blunted with no virus detectable
after 48 hours. The nature of the immunity that provides this
protection is not fully understood although there is little time for
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the expansion of memory T cells or the elaboration of humoral
and cellular effector molecules by antigen-specific lymphocytes.

Immunity to human influenza viruses is often studied in mice
and ferrets. Human influenza viruses normally replicate efficiently
in mice only after adaptation [6] but ferrets are highly susceptible
to infection with human influenza viruses and appear to better
recapitulate human innate immunity, disease severity and
transmissibility than mice [7,8,9]. Guinea pigs are also susceptible
to human influenza infection and they have been used to study
human influenza A virus transmission [10]. Nonhuman primate
models are less often used in influenza research but they are
commonly employed in AIDS research and are excellent models
of the human immune and respiratory systems due to their
relatively close phylogenetic relationship with people. Macaques
are naturally and experimentally infected with human influenza A
viruses with varying degrees of morbidity [11,12,13]. The kinetics
of viral replication and the nature of the antiviral immune
response in experimentally infected humans [3] and macaques
[12] are similar, as strain-specific CD4" and CD8" T cell and
antibody responses arise within 14 days of infection. Human
seasonal influenza A viruses infect and replicate in the respiratory
tract of macaques causing either asymptomatic or mild clinical
infections [11,12,14]. The pandemic avian H5N1 [15] and 1918
HINI viruses [16] cause acute respiratory distress syndrome in
macaques that is very similar to humans.

It has been shown that rhesus macaques previously infected with
H3N2 Aichi influenza A virus are protected from homologous re-
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challenge 90 days later to the point that no infectious virus can be
isolated. [11]. Thus influenza A virus infection of rhesus macaques
induces potent antiviral immune effector mechanisms that can
effectively block virus replication upon re-exposure. While it is
generally accepted that influenza A virus hemagglutinin (HA)
specific antibodies protect against rechallenge with antigenically
matched viruses, the relative contribution of antibodies and other
immune effector mechanisms to control of influenza virus
replication in the respiratory tract is unknown. In the current
study we administered either an anti-CD20 B cell depleting mAb
or an anti-CD8a T cell and NK cell depleting mAb to rhesus
macaques prior to their second experimental inoculation with a
human seasonal influenza A virus strain. Despite the near
complete depletion of peripheral CD20+ B cells or CD8+ T cells
and the lack of an anamnestic antibody response in the B cell
depleted animals, the level of viral replication in the intact and
lymphocyte depleted animals were similar.

Methods

Ethics Statement/Animals

All animals used in this study were adult rhesus macaques
(Macaca mulatta) housed at the California National Primate
Research Center in accordance with the recommendations of the
Association for Assessment and Accreditation of Laboratory
Animal Care International Standards and with the recommenda-

tions in the Guide for the Care and Use of Laboratory Animals of

the National Institutes of Health. The Institutional Animal Use
and Care Committee of the University of California, Davis,
approved these experiments (Protocol #11479). For blood
collection, animals were anesthetized with 10 mg/kg ketamine
hydrochloride (Park-Davis) injected i.m. For virus inoculation and
respiratory secretion sample collection, animals were additionally
anesthetized with 15-30 pg/kg Domitor (Orion Pharma) injected
im., and anesthesia was reversed with 0.07-0.15 mg/kg Anti-
sedan (Pfizer Animal Health) injected i.m. All efforts were made to
minimize suffering. Details of animal welfare and steps taken to
ameliorate suffering were in accordance with the recommenda-
tions of the Weatherall report, “The use of non-human primates in
research”. Animals were housed in an air-conditioned facility with
an ambient temperature of 21-25°C, a relative humidity of 40%-—
60% and a 12 h light/dark cycle. Animals were individually
housed in suspended stainless steel wire-bottomed cages and
provided with a commercial primate diet. Fresh fruit was provided
once daily and water was freely available at all times.

Monkey lymphocyte depletion, inoculation, sample
processing and analysis of lymphocyte populations in
blood

Nine animals assigned to 3 experimental groups were
challenged with a previously described human influenza A virus
isolate, A/Memphis/7/2001 (HIN1) [12], and re-challenged 4-8
months later using the same virus stock (Tables 1 and 2). Using
methods previously described [17,18], group A macaques (n=3)
were treated with a CD8o" lymphocyte (CD8" T cells and NK
cells) depleting mAb (cM-T1807, Centocor, Malvern, Pa.; 50 mg/
kg; IV infusion) 3 days prior to re-challenge. Group B macaques
(n=5) were treated with a CD20" B cell depleting mAb
(rituximab, Genentech, Inc., South San Francisco, CA; 50 mg/
kg; IV infusion) 28, 14, and 3 days prior to day of re-challenge.

The human influenza A virus isolate used in this study, A/
Memphis/7/2001 (HIN1), was generously provide by Richard
Webby at the St. Jude’s Children Hospital, Memphis, TN. This
isolate was isolated on MDCK and was not passaged further prior
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to expansion in MDCK cells (American Type Culture Collection,
Manassas, VA) to produce the virus stock used for animal
inoculations. The virus stock had a titer of 10°° TCIDs0/ml on
MDCK cells using the method of Reed and Muench [19]. The
intranasal/intratracheal/conjunctival influenza A virus inocula-
tion procedure and the respiratory secretion sample collection
procedure have been previously described [12]. For both the initial
and re-challenge inoculations, animals were inoculated with 6 ml
of the virus stock instilled into the trachea, 1 ml of virus stock
dripped intranasally, and a drop of virus stock in each conjunctiva.
Blood samples were collected on days —28, —21, —14, 0, 7, 14
and 28 relative to the day of influenza A virus re-challenge. The
percentage of CD3" CD8" T cells, CD3~ CDI16" NK cells and
CD20" B cells in peripheral blood was determined by flow
cytometric analysis as previously described [17,18].

Titration of infectious influenza virus and viral RNA in
respiratory secretions

The 50% tissue culture infectious dose (T'CIDsg) of infectious
virus in respiratory secretions was determined by end-point culture
on MDCK cells as previously described [12]. Further, the amount
of virion-associated RNA (VRINA) in respiratory secretions was
determined by RT-PCR as previously described [12].

Influenza Antibody ELISA and HI assays
Titers of anti-influenza antibodies were determined by a
modification of a method previously described [12,20].

Tracheal Sample Cytokine mRNA Expression Levels

The method for assessment of host gene expression in tracheal
secretions has been published [12]. Briefly, total RNA was isolated
from the cellular pellets with TRIzol® (Invitrogen) according to
manufacturer’s instructions. RNA samples were DNase-treated
and cDNA was prepared using random hexamer primers
(Amersham-Pharmcia Biotech Inc.) and SuperScript III reverse
transcriptase (Invitrogen). Cytokine mRINA levels were determined
by RT-PCR as described previously [21,22]. The GAPDH
housekeeping gene and the target gene from each sample were
run in parallel in the same plate. The reaction was carried out in a
96-well optical plate (Applied Biosystems) in a 25 pl reaction
volume containing 5 ul cDNA plus 20 pl Mastermix (Applied
Biosystems). All sequences were amplified using the 7900 default
amplification program. The results were analyzed with the SDS
7900 system software, version 2.1 (Applied Biosystems). Cytokine
mRNA expression levels were calculated from normalized ACqp
values. G values correspond to the cycle number at which the
fluorescence due to enrichment of the PCR product reaches
significant levels above the background fluorescence (threshold). In
this analysis, the G value for the housekeeping gene (GAPDH) is
subtracted from the C value of the target (cytokine) gene (ACr).
In general, the ACt value for the influenza A-infected sample is
then subtracted from the pre-infection ACy value (AACy).
Assuming that the target gene (cytokine) and the reference gene
(GAPDH) are amplified with the same efficiency (data not shown),
the increase in cytokine mRNA levels in test samples is then
calculated as follows: increase = 2”44, (user bulletin no. 2, ABI
Prism 7700 Sequence Detection System: Applied Biosystems).
Cytokine mRINA levels are expressed as the increase or decrease
relative to the level for that cytokine in the individual monkey’s
pretreatment secretion sample. Because the mRNA expression
level of housekeeping genes such as GAPDH can change under
activating conditions, we were careful to use the same nput
amount of RNA for experimental samples in the PCR reactions.
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Table 1. IgG titers in plasma after the first and second inoculations withA/Memphis/7/01.

Weeks after Influenza A virus inoculation

1st inoculation

2nd inoculation

Animal Months between

Number inoculations Treatment 0 2 [ 1 2 4
30924 4 None 800° 80,000 160,000 640,000 640,000 640,000
30933 7 None 800 32,000 20,000 640,000 160,000 160,000
33470 8 None 800 64,000 40,000 320,000 320,000 160,000
MEAN 800 58,667 73,333 533,333 373,333 320,000
30811 7 a-CD8 800 64,000 40,000 320,000 640,000 640,000
30831 7 a-CD8 800 64,000 80,000 320,000 640,000 640,000
30851 7 a-CD8 800 160,000 80,000 320,000 640,000 640,000
MEAN 800 96,000 66,667 320,000¢ 640,000° 640,000
30616 7 a-CD20 800 64,000 160,000 160,000 160,000 160,000
30921 7 a-CD20 800 80,000 80,000 80,000 160,000 160,000
35125 4 a-CD20 800 32,000 40,000 40,000 80,000 160,000
MEAN 800 58,667 93,333 93,333¢ 133,333¢ 160,000

?=day of re-inoculation with A/Memphis/7/01.
Memphis/7/01 naive animals.

is also significant (p<<0.05, Dunn’s multiple comparison test.).
doi:10.1371/journal.pone.0021756.t001

Regardless of the sample was collected the same input amount of
RNA consistently resulted in similar PCR amplification (Cr)
values for GAPDH. Therefore, GAPDH expression in trachea was
not differentially regulated among the animals in this study.

Statistical Analysis
Statistics are reported as the mean and the standard error of
the mean for each group using Prism 5.0a software (GraphPad)

b = endpoint dilution titers to whole disrupted A/Memphis/7/01. A titer of 1:800 indicates the sample was below the cutoff established by screening plasma from A/

€=day 7 PC titers of the groups are significantly different (p =0.033, Kruskal-Wallis test) and the difference between the untreated and B cell depleted animal groups

and data are presented as the probability and test used for
analysis. Mean levels of lymphocyte subsets, VRNA and TCIDs,
in the treated groups were independently compared to the
untreated control animal group with a one-tailed unpaired T test.
Linear regression analysis and Pearson’s Correlation analysis
were used to define the relationship between serum antibody
titers and virus replication and the results of both analyses are
reported.

Table 2. HI titers in plasma after the first and second inoculations with A/Memphis/7/01.

Weeks after Influenza A virus inoculation

1st inoculation 2nd inoculation

Animal Number Months between inoculations Treatment o 2 0o? 1 2 4
30924 4 None 8° 128 320 1280 1280 1280
30933 7 None 8 32 64 1024 1024 2048
33470 8 None 8 64 256 512 1024 1024
MEAN 8 75 213 939 1109 1451
30811 7 a-CD8 8 128 80 640 2560 2560
30831 7 a-CD8 8 128 320 640 2560 2560
30851 7 a-CD8 8 1024 1280 1280 1280 2560
MEAN 8 427 560 853 2133 2560
30616 7 a-CD20 16 128 512 512 512 1024
30921 7 a-CD20 4 128 512 512 1024 2048
35125 4 a-CD20 4 16 128 128 512 512
MEAN 91 384 384 683 1195

?=day of re-inoculation with A/Memphis/7/01.
P =HA Inhibition titer to A/Memphis/7/01.
doi:10.1371/journal.pone.0021756.t002
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Results

Antibody responses and Influenza A virus replication
after the initial inoculation

Prior to inoculation, 8 of 9 animals had plasma IgG antibody
titers to A/Memphis/7/01 that were below the cutoff (1:800) for
the assay (Table 1) and HI titers ranged from 1:4 to 1:16 (Table 2).
In contrast to the other 8 monkeys, both pre-inoculation plasma
samples from monkey 35125 had O.D. values at 1:800 that were
just at the cut-off, consistent with the presence of low-titer A/
Memphis/7/01-specific binding antibodies on the day of chal-
lenge (Table 1), however A/Memphis/7/01-specific HI antibodies
of this animal were undetectable at the lowest dilution (1:4) tested
(Table 2). By 2 weeks after inoculation, all 9 animals had made
strong anti-influenza antibody responses, binding IgG antibody
titers ranged from 1:32,000-1:160,000 (Table 1) and HI titers
ranged from 1:16-1:1024 (Table 2). After the first experimental
inoculation with A/Memphis/7/01, infectious virus was isolated
from the tracheal secretions of all 9 animals in this study. As we
have previously described, virus replication peaked 24-48 hours
after inoculation (mean peak titer of 10*' TCIDzo/ml; Fig. 1),
steadily declined but was detectable in all 9 animals at day 3 PI,
until day 7 when infectious virus could not be isolated from any of
the animals (Fig. 1). Assays to quantify influenza virus RNA in the
secretions of these 9 animals were not performed after the initial
infection, however we previously reported [12] that after an initial
challenge with A/Memphis/7/01, the peak vRNA levels in
tracheal secretions of 3 animals ranged from 5.4-6.4 log10 vRNA
copies/ml secretions (Table 3).

Anti-CD8a and anti-CD20 mAbs effectively deplete
targeted lymphocyte populations in the blood of treated
animals

Adult rhesus macaques previously infected with A/Memphis/
7/01 were infused with either anti-CD8a (n = 3), anti-CD20 mAbs
(n=3) or left untreated (n=3) prior to re-challenge with A/
Memphis/7/01 (Tables 1 and 2, Fig. 2). On the day of influenza A
virus re-challenge, 28 days after the first anti-CD20 infusion
(Fig. 2), the mean number of circulating CD20* B cells in the 3
treated animals (0.04*0.2 B cells/ul blood) was 1000 fold lower
compared to untreated animals (393270 B cells/pl blood) and this
difference was highly significant (p<<0.0001, unpaired one tail T

Influenza virus in tracheal
secretions TCIDzy/ml (log,()

O T L) ) T L) L L]
0 1 2 3 4 5 6 7

Days after first A/Memphis/2001 inoculation

Figure 1. Influenza virus replication in the lower respiratory
tract after A/Memphis/7/01 inoculation. Mean infectious virus titer
in tracheal secretions (TCIDso/ml) of nine inoculated rhesus macaques.
doi:10.1371/journal.pone.0021756.g001
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test). Three days after anti-CD8 infusion (Fig. 2), on the day of re-
challenge, the mean numbers of CD8* T cells and CD8* NK cells
in the blood of the 3 treated animals (0.8+0.4 CD8" T cells/ul
blood, 0.2%£0.5 NK cells/pl blood) were also reduced approxi-
mately 1000 fold compared to the 3 untreated animals (268131
CD8" T cells/ul blood, 111+23 CD8" NK cells/ul blood) and
these differences were significant (p<<0.0001 for CD8+ T cells and
p<<0.0001 for NK cells, unpaired one tail T tests). The CD20+ B
cell and CD8a+ lymphocyte populations remained depleted from
the day of influenza re-challenge to 7 days PC (Fig. 2), completely
blocking anamnestic responses by these lymphocyte subsets for the
first week after re-challenge (see below). Further we, and others,
have shown that if the anti-CD20 and anti-CD8 Mabs effectively
deplete peripheral lymphocyte subsets then more than 90% of
their target cells are also depleted from the tissues of rhesus
macaques [18,23,24,25,26,27,28]. Thus, although the level of
lymphocyte depletion in the respiratory tract was not examined in
the above studies, it is reasonable to assume that the Mabs
depleted most of the target lymphocytes from tissues of the animals
in the present study.

Influenza A virus replication is well-controlled upon
homologous re-challenge of untreated animals

On the day of re-challenge with A/Memphis/7/01, the 3
untreated animals had a mean A/Memphis/7/01 HI titer of 1:213
(range 1:64-1:320) (Table 2). After homologous re-challenge, low
levels of virus could be isolated from the tracheal secretions of only
2 of the 3 animals (Fig. 3a) compared to the mean peak titer of
10*! TCID50/ml (Fig. 1) in the naive animals after the first A/
Memphis/7/01 inoculation. On days 1 and 2 after homologous
re-challenge, VRNA was detected in tracheal secretions of all 3
untreated animals at very low levels (mean peak titer of 10*!
VvRNA copies/ml). Based on our previously published [12] and
shown in Table 3, we expect influenza RNA levels of 10°-10°
copies/ml of tracheal secretions 2448 hours after A/Memphis/
7/01 inoculation of naive animals. We have also shown that
24 hours after inoculation of 4 naive animals with heat-killed A/
Memphis/7/01, vRNA levels ranged from 10%*-10*> vRNA
copies/ml secretions [12] (Table 3). Because influenza A virus
VRNA levels in the secretions after homologous re-challenge are
higher (0.6-1.7 log10) than after inoculation with heat-killed virus,
some low level replication is occurring after re-challenge. Thus,
based on both infectious virus levels and vRNA levels in tracheal
secretions it is clear that influenza A virus replication was very
well-controlled in rhesus macaques that were re-challenged 4
months after being infected with the same virus.

Limited role of memory CD8" or CD20* lymphocytes in
control of viral replication after homologous influenza A
virus re-challenge

On the day of re-challenge, the 3 anti-CD20 mAb-treated
animals had a mean A/Memphis/7/01 HI titer of 1:384 (range
1:280-1:512); and the 3 anti-CD8o mAb -treated animals had a
mean A/Memphis/7/01 HI titer of 1:560 (range 1:80-1:1280)
(Table 2). After A/Memphis/7/2001 re-challenge, the mean peak
virus titer (T'CID50/ml) and the mean area under the curve (AUC;
virus titer from day O to day 7 after re-challenge) in the tracheal
secretions of the anti-CD8a and anti-CD20 mAb treated animals
were separately compared to the untreated animals.

Similar to the control group, animals treated with either anti-
CD8a or anti-CD20 mAbs prior to re-challenge had very little
detectable influenza A virus replication (Fig. 3). In fact, infectious
virus was isolated from only 1 CD8a-depleted animal; and both
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Table 3. Influenza virus RNA and host gene mRNA levels in tracheal secretions 24 hours after initial A/Memphis/7/2001 (H1N1)
challenge; HIN1 re-challenge; or challenge with heat-inactivated H1N1.

mRNA expression fold change relative to pre exposure

Animal Number Peak log,o VRNA copies/ml IFN-a OAS MxA IL-6
No Treatment prior to HIN1 re-challenge

30924 37 =51 43 3.2 109
30933 39 NA? 27.6 11.0 34
33470 4.6 162.3 323 15.5 13.6
Mean 4.1 78.6 214 9.9 9.3
Anti-CD8 Treatment prior to HIN1 re-challenge

30811 4.8 NA NA NA 86.9
30831 31 34 5.1 35 22.7
30851 22 25 3.9 5.0 126
Mean 34 29 4.5 43 40.7
Anti-CD20 treatment prior to HIN1 re-challenge

30616 25 —-2.7 2.5 15 22.1
30921 4.2 NA NA NA NA
35125 4.3 —34.6 57 16.4 6.0
Mean 3.7 —18.6 4.1 8.9 14.0
Initial HIN1 challenge®

33073 5.8 3910.6 53.7 29.4 287.8
33178 5.4 11340.0 101.8 15.3 725
34421 6.4 1606.1 65.4 19.2 5786.6
Mean 5.9 5618.9 73.6 21.3 2048.9
Initial challenge with Heat-inactivated HIN 1°

31392 29 -11.3 1.7 53 -28
31625 35 40.6 20 55 NA
31705 24 1.1 1.8 26 —43
31864 3.1 —14.0 -19 10.8 —25
Mean 3.0 4.1 0.9 6.0 -3.2

b — data adapted from Carroll et al, J. Inmunol. 2008 [12].
doi:10.1371/journal.pone.0021756.t003

the peak TCIDs5o/ml (Fig. 3a, inset) and the AUC level in this
animal were very low (Fig. 3a). Further on days 1 and 2 after re-
challenge, similar levels of VRNA (log;( copies/ml) were detected
in tracheal secretions of the anti-CD8a-, anti-CD20 mAb-treated
and untreated animals (Fig. 3b).

To gauge the ability of the different animal groups to control
virus replication after homologous re-challenge relative to the first
A/Memphis/7/01 inoculation, peak infectious titers and AUC of
the infectious virus titer from day 0 to 7 were compared (Fig. 4). As
the levels of virus replication were similar in the treated and
untreated animals after rechallenge, all animals were grouped for
this comparison. Both the peak TCIDs( and the TCID5, AUC
were significantly lower after re-challenge than after the initial
infection, clearly illustrating the effectiveness of anti-influenza
immunity against matched virus strains.

Limited role of local innate immune responses in control
of viral replication after homologous influenza A virus re-
challenge

The mRNA levels of IFN-o, MxA, OAS and IL-6 in tracheal

secretions of an animal at 24 hours after re-challenge were
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@=target gene mRNA levels could not be determined due to poor amplification of GAPDH mRNA.

compared to levels in the same animal 72 hours prior to re-
challenge (Table 3). For comparison, the previously published data
[12] for a similar experiment performed on 3 animals after their
initial infection with A/Memphis/7/01 and on 4 animals after
they were inoculated with heat inactivated A/Memphis/7/01 are
shown in Table 3. In contrast to the high mRNA levels of all 4
genes in tracheal secretions of 3 animals after an initial HIN1
infection, target gene mRNA levels among the 9 study animals
remained uniformly low (Table 3). In fact, after HINI re-
challenge, host gene expression levels in the tracheal secretions of
the all animals were similar, regardless of intervention (Table 3).
These results indicate that local innate immune responses did not
contribute to control of wviral replication after homologous
influenza A virus re-challenge even in the lymphocyte depleted
animals.

Pre-existing strain-specific anti-influenza antibody titers
are unaffected by treatment with anti-CD8a or anti-CD20
mAbs

Prior to the initial challenge with A/Memphis/7/01 IgG
antibodies were undetectable above the 1:800 plasma dilution cut-
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CD20* B cells in blood, b) CD3+ CD8a" T cells and, c) CD3~ CD8a" NK
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indicates the day of influenza re-challenge. Anti-CD20 was infused 28,
14, and 3 days prior to the day of influenza re-challenge, anti-CD8 was
infused 3 days prior to virus inoculation. Arrows indicate the timing of
the antibody infusions; blue arrow indicates anti-CD8a infusion and
green arrows indicate anti-CD20 infusions.
doi:10.1371/journal.pone.0021756.g002
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doi:10.1371/journal.pone.0021756.9003

off with the exception of 35125 (Table 1). In addition, none of the
animals had plasma HI titers to A/Memphis/7/01 greater than
1:16 before initial infection (Table 2). By day 14 after the first
infection, anti-influenza IgG and HI antibody titers among the 9
study animals had increased dramatically. On the day of
rechallenge, the anti-influenza antibody responses remained strong
in all animals (Tables 1 and 2), despite the fact that the 3 anti-
CD20 mAb treated animals were completely depleted of
circulating CD20+ B cells prior to re-challenge. Thus, on the
day of homologous influenza virus A re-challenge, the animals
treated with anti-CD20, anti-CD8a, and the untreated animals
had similarly high IgG and HI responses (Tables 1 and 2). The
persistent strong antibody responses despite anti-CD20 treatment
presumably reflect the 21-day half-life of plasma IgG and the fact
that plasma cells were unaffected by the treatment due to the lack
of CD20 expression [29,30].

To understand the effect of the anti-CD20 mAb treatment on
the anamnestic anti-influenza antibody responses after re-chal-
lenge IgG and HI antibodies were assessed. From the day of re-
challenge to 7 days after re-challenge, there was no change in anti-
influenza IgG and HI titers of the anti-CD20-mAb treated
animals. In contrast anti-CD8a-mAb treated animals had a 4.8
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fold increase in IgG antibody titers and a 1.5 fold increase in HI
antibody titers, while the untreated animals had 4.4 fold increase
in HI antibody titers and 7.3 fold increase in IgG antibody titers
(Tables 1 and 2). Thus the CD20 lymphocyte depletion completely
blocked the normal anamnestic antibody responses to homologous
influenza A virus re-challenge.

Relationship between HlI titers on the day of homologous
influenza A virus re-challenge and control of virus
replication

To better understand the relationship between HI titers on the
day of A/Memphis/7/01 re-challenge and viral replication, linear
regression and Pearson’s correlation analyses were undertaken
(Fig. 5a). Although infectious virus was undetectable in 6 of the 9
animals after homologous re-challenge, the 2 animals with the
highest peak TCID5o had the lowest HI titers on the day of re-
challenge. Thus, the linear regression analysis suggested there was
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significant negative correlation (p =0.032 and 1 = 0.5) between the
HI titer on the day of re-challenge and the level of viral replication
after the re-challenge; however, Pearson’s correlation analysis did
not demonstrate a significant relationship. In addition, among the 6
animals with an intact B cell population on the day of challenge,
there was significant positive correlation between the change in HI
titer between the day of re-challenge and day 14 after re-challenge
(p=0.002 and r?=10.76, Pearson Correlation coeflicient p<<0.05)
and peak TCIDj, after re-challenge. Thus in the 2 animals with the
highest detectable peak TCIDs( there was a 32-fold change in HI
titer between the day of re-challenge and day 14 after re-challenge.
While in the 4 animals with undetectable infectious virus or very low
peak TCIDs5 there was a =8-fold change in HI titer between the
day of re-challenge and day 14 after re-challenge. Thus large
increases in HI titer only occurred in animals that had demonstrable
productive infection after re-challenge.

Discussion

The results presented here demonstrate that, as in humans,
rhesus monkeys control seasonal influenza A virus replication after
secondary exposure to homologous virus. Further, IFN-a induced
antiviral mediators, effector CD8" T cells and anamnestic B cell
responses do not seem to contribute to control of virus replication
after homologous influenza A virus re-challenge of rhesus
macaques (Fig. 3, Table 3). However, the level of strain-specific
HI antibodies and anti-influenza IgG in plasma on the day of
homologous influenza A virus re-challenge inversely correlated
with the level of virus replication in the rhesus macaques (Fig. 5A).
As the level of virus replication in lymphocyte-depleted animals
was similar to intact animals regardless of which effector
lymphocyte arm was depleted, it seems unlikely that the intact
subset contributed to control of virus replication upon re-exposure.
However, to confirm this conclusion an experiment that depletes
both B cells and CD8a+ lymphocytes prior to infection could be
conducted. These results strongly imply that anti-influenza
antibodies in plasma at the time of homologous influenza A virus
re-challenge are an immune correlate for the control of virus
replication in these previously infected animals.

Epidemiologic studies in humans have correlated the incidence of
influenza A virus infection with the level of pre-existing HI serum
antibodies [31,32,33,34] or binding anti-influenza antibodies [5]
making it possible to estimate the titer of HI antibodies that is
necessary to prevent virus replication and limit disease. In three
successive epidemics of antigenically-drifted H3N2 influenza A
viruses, the 50% protective HI titer (PT50) was estimated to be
between 1:12—1:24, and no infections were recorded in persons with
HI titers =1:48 [33]. In addition, during an outbreak of infection
with wild-type influenza A/Victoria/3/75 virus, 0 of 19 people with
pre-epidemic HI titers >1:40 became infected [35]. Perhaps most
convincingly, a similar correlation was found in challenge
experiments of immunized humans using a variety of influenza A
virus strains, including the A/Hong Kong/68, with a calculated
PT50 from 1:18 to 1:36 based on virus isolation or a 4-fold rise in
plasma HI titer to the challenge virus as measures of infection [36].
In the rhesus macaques studied here, all animals had HI titers
>1:64 on the day of homologous influenza A virus re-challenge and
they all controlled viral replication relative to their initial infection
with A/Memphis/7/01. Ofnote, although the HI titer did correlate
with the extent of viral replication and shedding, a serum HI titer of
1:64 was not completely protective as 3 animals with HI titers >1:64
had evidence of low level viral shedding (Fig. 3). As serum HI titer is
the major immune correlate for control of influenza virus replication
upon a second experimental exposure to homologous virus in rhesus
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macaques and humans [36], the immune effector mechanism
responsible for protection from uncontrolled virus replication and
disease may be similar in humans and macaques. It is important to
recognize that the correlation between serum HI levels and
protection does not imply causality, and neutralizing antibody must
be present within the respiratory tract to prevent virus replication in
the respiratory epithelium. In fact, we recently showed that in rhesus
macaques immunized with an inactivated influenza vaccine
(Fluzone) IgG anti-influenza antibody titers in the tracheal
secretions and plasma of the animals 3 days prior to HINI
challenge inversely correlated with virus replication after challenge
[37]. Understanding the relative importance of local and systemic
B-cell responses in maintaining a persistent level of protective HI
antibody within the respiratory tract would facilitate the develop-
ment of more effective influenza vaccines.

The 4-7 month interval between the first HIN1 influenza A virus
mfection and the homologous re-challenge of the rhesus monkeys in
this study approximates the length of an influenza season, and thus
the results reported here provide a ready explanation for resistance to
a second infection with a homologous influenza A virus in a single
season. However, this study did not attempt to identify the immune
mechanisms responsible for long-term protection from homologous
influenza A virus re-challenge. Some studies in humans suggest that
HI titers remain above a PT50 of 1:16-32 for at least 25-30 years. In
fact people infected with the HINI1 subtype before 1950 were
subsequently protected when this subtype reappeared in 1977, and
similarly, people born before 1892 and infected with the H3N2
subtype were protected from disease when this subtype reappeared in
1968 [38,39]. Persistent HI titers to H3 found in the serum of the
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CD8o" T cells do not contribute to the control of virus replication
after re-challenge with a homologous HINT strain of influenza A.
In future studies, administration of anti-CD8a, anti-CD4 or anti-
CD20 depleting antibodies in rhesus macaques challenged with
antigenically-drifted and heterosubtypic influenza A viruses could
be used to define the nature of protective, vaccine-induced, and
infection-induced immune responses to progressively divergent
viruses. This information could then be used to rationally guide
the development of universal influenza vaccines.

Acknowledgments

The authors thank the Primate Services Unit and the CNPRC for excellent
technical assistance.

Author Contributions

Conceived and designed the experiments: GJM MBM. Performed the
experiments: TDC SRM LF. Analyzed the data: CJM TDC. Wrote the
paper: GJM TDC MBM.

7. Maines TR, Jayaraman A, Belser JA, Wadford DA, Pappas C, et al. (2009)
Transmission and pathogenesis of swine-origin 2009 A(HIN1) influenza viruses
in ferrets and mice. Science 325: 484-487.

8. Kugel D, Kochs G, Obojes K, Roth J, Kobinger GP, et al. (2009) Intranasal
administration of alpha interferon reduces seasonal influenza A virus morbidity
in ferrets. J Virol 83: 3843-3851.

9. Svitek N, Rudd PA, Obojes K, Pillet S, von Messling V (2008) Severe seasonal
influenza in ferrets correlates with reduced interferon and increased IL-6
induction. Virology 376: 53-59.

10. Lowen AC, Mubareka S, Steel J, Palese P (2007) Influenza virus transmission is
dependent on relative humidity and temperature. PLoS Pathog 3: 1470-1476.

11. Berendt RF (1974) Simian model for the evaluation of immunity to influenza.
Infect Immun 9: 101-105.

12. Carroll TD, Matzinger SR, Genesca M, Fritts L, Colon R, et al. (2008) Interferon-
induced expression of MxA in the respiratory tract of rhesus macaques is
suppressed by influenza virus replication. J Immunol 180: 2385-2395.

13. Baskin CR, Bielefeldt-Ohmann H, Garcia-Sastre A, Tumpey TM, Van
Hoeven N, et al. (2007) Functional Genomic and Serological Analysis of the

June 2011 | Volume 6 | Issue 6 | 21756



20.

21.

22.

23.

24.

Protective Immune Response Resulting from Vaccination of Macaques with an

NSI-Truncated Influenza Virus. J Virol 81: 11817-11827.

. Rimmelzwaan GF, Baars M, van Beek R, van Amerongen G, Lovgren-

Bengtsson K, et al. (1997) Induction of protective immunity against influenza
virus in a macaque model: comparison of conventional and iscom vaccines.

J Gen Virol 78: 757-765.

. Rimmelzwaan GF, Kuiken T, van Amerongen G, Bestebroer TM, Fouchier RA,

et al. (2001) Pathogenesis of influenza A (H5N1) virus infection in a primate
model. J Virol 75: 6687-6691.

. Kobasa D, Jones SM, Shinya K, Kash JC, Copps J, et al. (2007) Aberrant innate

immune response in lethal infection of macaques with the 1918 influenza virus.
Nature 445: 319-323.

. Genesca M, McChesney MB, Miller CJ (2009) Antiviral CD8+ T cells in the

genital tract control viral replication and delay progression to AIDS after vaginal
SIV challenge in rhesus macaques immunized with virulence attenuated SHIV

89.6. J Intern Med 265: 67-77.

. Miller CJ, Genesca M, Abel K, Montefiori D, Forthal D, et al. (2007) Antiviral

antibodies are necessary for control of simian immunodeficiency virus
replication. J Virol 81: 5024-5035.

. Reed LJ, Muench H (1938) A simple method of estimating fifty percent

endpoints. Am J Hygiene 27: 493-497.

Miller CJ, McChesney MB, Lu X, Dailey PJ, Chutkowski C, et al. (1997) Rhesus
macaques previously infected with simian/human immunodeficiency virus are
protected from vaginal challenge with pathogenic SIVmac239. J Virol 71:
1911-1921.

Abel K, Rocke DM, Chohan B, Fritts L, Miller CJ (2005) Temporal and
anatomic relationship between virus replication and cytokine gene expression
after vaginal simian immunodeficiency virus infection. J Virol 79: 12164-12172.
Wang Y, Abel K, Lantz K, Krieg AM, McChesney MB, et al. (2005) The Toll-
like receptor 7 (TLR7) agonist, imiquimod, and the TLR9 agonist, CpG ODN,
induce antiviral cytokines and chemokines but do not prevent vaginal
transmission of simian immunodeficiency virus when applied intravaginally to
rhesus macaques. J Virol 79: 14355-14370.

Genesca M, Skinner PJ, Hong JJ, Li J, Lu D, et al. (2008) With minimal systemic
T cell expansion, CD8+ T cells mediate protection from vaginal SIV challenge
in rhesus macaques immunized with attenuated SHIV89.6. J Virology 82:
11181-11196.

Gaufin T, Gautam R, Kasheta M, Ribeiro R, Ribka E, et al. (2009) Limited
ability of humoral immune responses in control of viremia during infection with
SIVsmmD215 strain. Blood 113: 4250-4261.

Schmitz JE, Johnson RP, McClure HM, Manson KH, Wyand MS, et al. (2005)
Effect of CD8+ lymphocyte depletion on virus containment after simian

@ PLoS ONE | www.plosone.org

26.

27.

31.

32.

33.

34.

36.

37.

39.

40.

Control of Influenza A Virus after Re-Challenge

immunodeficiency virus SIVmac251 challenge of live attenuated SIVmac239-
delta3-vaccinated rhesus macaques. J Virol 79: 8131-8141.

Schmitz JE, Kuroda M]J, Santra S, Sasseville VG, Simon MA, et al. (1999)
Control of viremia in simian immunodeficiency virus infection by CD8+
lymphocytes. Science 283: 857-860.

Schmitz JE, Kuroda MJ, Santra S, Simon MA, Lifton MA, et al. (2003) Effect of
humoral immune responses on controlling viremia during primary infection of
rhesus monkeys with simian immunodeficiency virus. J Virol 77: 2165-2173.
Schmitz JE, Simon MA, Kuroda M]J, Lifton MA, Ollert MW, et al. (1999) A
nonhuman primate model for the selective elimination of CD8+ lymphocytes
using a mouse-human chimeric monoclonal antibody. Am J Pathol 154:

1923-1932.

. Tedder TF, Engel P (1994) CD20: a regulator of cell-cycle progression of B

lymphocytes. Immunol Today 15: 450-454.

. Tedder TF, Zhou L], Engel P (1994) The CD19/CD21 signal transduction

complex of B lymphocytes. Immunol Today 15: 437-442.

Salk JE (1944) A Simplified Procedure For Titrating Hemagglutination Capacity
of Influenza-Virus and the Corresponding Antibody. Journal of Immunology 49:
87-98.

Miller DL, Reid D, Daimond JR, Pereira MS, Chakraverty P (1973) Hong Kong
influenza in the Royal Air Force 1968-70. J Hyg (Lond) 71: 535-547.

Pyhala R, Aho K (1975) Serum HI antibody and protection against influenza: a
follow-up survey at community level of three epidemics caused by different
H3N2-variants. Int ] Epidemiol 4: 127-129.

Fox JP, Cooney MK, Hall CE, Foy HM (1982) Influenza virus infections in
Seattle families, 1975-1979. IL. Pattern of infection in invaded households and
relation of age and prior antibody to occurrence of infection and related illness.

Am J Epidemiol 116: 228-242.

. Delem A, Jovanovic D (1978) Correlation between rate of infection and

preexisting titer of serum antibody as determined by single radial hemolysis
during and epidemic of influenza A/Victoria/3/75. J Infect Dis 137: 194-196.
Hobson D, Curry RL, Beare AS, Ward-Gardner A (1972) The role of serum
haemagglutination-inhibiting antibody in protection against challenge infection
with influenza A2 and B viruses. ] Hyg (Lond) 70: 767-777.

Carroll TD, Matzinger SR, Barro M, Fritts L, McChesney MB, et al. (2010)
Alphavirus replicon-based adjuvants enhance the immunogenicity and effec-
tiveness of Fluzone® in rhesus macaques. Vaccine.

. Couch RB, Kasel JA (1983) Immunity to influenza in man. Annu Rev Microbiol

37: 529-549.

Glezen WP, Couch RB, Six HR (1982) The influenza herald wave.
Am J Epidemiol 116: 589-598.

Manz RA, Hauser AE, Hiepe F, Radbruch A (2005) Maintenance of serum
antibody levels. Annu Rev Immunol 23: 367-386.

June 2011 | Volume 6 | Issue 6 | 21756



