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Abstract

The yellow fever 17D (YF-17D) vaccine is one of the most efficacious vaccines developed to date.
Interestingly, vaccination with YF-17D induces IFN-y production early after vaccination (d 5-7)
before the development of classical antigen-specific CD8* and CD4* T cell responses. Here we
investigated the cellular source of this early IFN-y production. At days 5 and 7 post vaccination
activated CD8* gamma-delta TCR T cells produced IFN-y and TNF-a. Activated CD4* T cells
produced IFN-y and TNF-a at day 7 post vaccination. This early IFN-y production was also
induced after vaccination with recombinant YF-17D (rYF-17D), but was not observed after
recombinant Adenovirus type 5 (rAd5) vaccination. Early IFN-y production, therefore, might be
an important aspect of yellow fever vaccination.
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Introduction

The live-attenuated yellow fever vaccine 17D (YF-17D) was derived by serial passages of
the Asibi yellow fever wild-type virus. This vaccine is one of the safest and most effective
vaccines currently available, with a single injection conferring protection for at least 10
years [1].
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Early events after YF-17D vaccination in humans may be crucial to the development of
acquired immune responses against the virus [2, 3]. YF-17D stimulates several innate
immune responses [4—7], which lead to the induction of efficient acquired immunity, with
high titers of neutralizing antibodies and robust CD8"* T cell responses. YF-17D vaccination
stimulates both arms of the acquired immune response, inducing lymphocytes that produce
TH1/TH2 mixed cytokines [8, 9].

Since the yellow fever vaccine induces such efficacious immune responses, interest in the
potential use of the YF-17D virus as a vector for the development of new vaccines is
increasing. However, the cellular and molecular mechanisms by which this virus elicits such
broad immunity remains unclear, both in humans or in animal models used to test the new
recombinant vaccines.

We had previously found that YF-17D vaccination of Indian rhesus macaques induced
massive IFN-y expression at 7 days post vaccination, before the induction of classical YF-
specific T cell responses [10]. In the present study, we have characterized two cellular
sources of this IFN-y production early after 17D vaccination of Indian rhesus macaques.

Material and Methods

Study groups and Blood samples

For the initial studies we used frozen, Ficoll-purified peripheral blood mononuclear cell
(PBMC) samples from six rhesus macaques (Macaca mulatta) of Indian origin immunized
subcutaneously with recombinant YF-17D (rYF-17D) virus. The rYF-17D viruses were
constructed as described previously [10, 11] and expressed inserts from Gag, Vif and Nef
proteins of the SIVmac239 virus.

In the kinetics studies, we used freshly isolated PBMC from six rhesus monkeys
subcutaneously vaccinated with YF-17D virus. Additionally, we used fresh samples from
ten macaques immunized intramuscularly with recombinant Adenovirus serotype 5 (Ad5)
expressing SIV proteins. All of the animals were assigned to protocols approved by the
University of Wisconsin Institutional Animal Care and Use Committee and cared for
according to the NIH “Guide to the Care and Use of Laboratory Animals.”

Monoclonal Antibodies

We used mouse anti-human monoclonal antibodies cross-reacting with rhesus macaque cell
surface markers for six- or seven-color flow cytometric assays. We purchased anti-CD8
alpha-Pacific Blue (Clone RPA-T8), anti-CD16 PE (Clone 3G.8), anti-CD16 PerCP-Cy5.5
(Clone 3G.8), anti-1L-4 PE (Clone 8D4-8), anti-CD4 PerCP-Cy5.5 (Clone L-200), anti-IFN-
v-FITC (Clone 4S.B3), anti-HLA-DR APC-Cy7 (Clone L243), anti-CD20 PerCP-Cy5.5
(Clone L27), anti-CD3 PE-Cy7 (Clone SP34-2), anti-TNF-a APC (Clone MAb11), anti-
CD11c (Clone S-HCL-3), anti-CD14 Alexa700 (Clone M5E?2) from BD Biosciences (San
Diego, CA, USA), anti-CD4 APC (Clone M-T466) from Miltenyi Biotec Inc. (Auburn, CA),
anti-CD69 PE-TexasRed (Clone TP-1-55-3) from Beckman Coulter (Fullerton, CA, USA)
and anti-gamma-delta TCR PE (Clone 5A6.E9) from Caltag (Carlsbad, CA).

Detection of IFN-y and IL-4 cellular immune responses by flow cytometry

We incubated 5.0 x 10° PBMC with 10 pg of brefeldin A (Sigma-Aldrich, ST. Louis, MO)
per ml for 6 hours at 37°C in 100 ul of R10 [RPMI 1640 containing 10% fetal calf serum, 2
mM L-Glutamine, 10 U/ml Penicillin G, 10 ug/ml Streptomycin, and 0.025 ug/ml
Amphotericin B (HYClone, Logan, UT)] to prevent protein transport from the Golgi
apparatus. After the incubation period we washed and stained the cells for selected surface
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markers (CD3, CD8, CD4, CD16, CD20, HLA-DR, CD11c, CD14 or gamma-delta TCR)
and fixed overnight in 2% paraformaldehyde at 4°C. On the following day, we
permeabilized the cells with 0.1% saponin in PBS containing 10 % FCS (HyClone, Logan
UT) and stained them for intracellular expression of CD69 and the cytokines gamma-
interferon (IFN-y) or interleukin-4 (IL-4) and TNF- After staining, we washed the cells
with PBS containing 10 % FCS and fixed in 2% paraformaldehyde for at least 30 minutes at
4°C. We collected 1 — 1.5 x 10° events within the lymphocyte gate with FASCDiva 6.0
software on a custom made BD LSR |1 flow cytometer (Becton Dickinson, San Jose, Calif.)
We analyzed the data with FlowJo v.8.7.3. (Treestar Inc., Ashland, OR).

Statistical analyses

Results

Intracellular

We performed statistical analyses using paired non-parametric ANOVA (Friedman test) and
Dunns post-test with 95% confidence interval for multiple comparisons between days 0, 3, 5
and 7 after vaccination or non-parametric ANOVA (Kruskall-Wallis) and Dunns post-test
with 95% confidence interval, for group comparisons, using the GraphPad Prism 5.0
software package (GraphPad Software Inc, San Diego, CA USA). In all cases, the
differences were considered significant when p-values were < 0.05.

IFN-y and IL-4 detection after vaccination with YF-17D

During previous IFN-y ELISPOT assays to assess YF-specific cellular immune responses in
rhesus macaques, we detected massive early IFN-y production by lymphocytes at day 7 in
wells that had not been stimulated by YF-derived peptides. We wished, therefore, to
determine the cellular source of this early IFN-y production. YF-17D vaccination in humans
induces polyvalent immune responses [4, 8, 9]. We, therefore, investigated the kinetics of
production of the two major Ty1/TH2 cytokines, IFN-y and IL-4 respectively, in rhesus
peripheral blood mononuclear cells (PBMC). In concordance with our IFN-y ELISPOT
results, we detected IFN-y producing cells in the lymphocyte gate at 5 and 7 days post-
vaccination in all vaccinated monkeys (Fig.1A). IFN-y production increased significantly
from day O (Fig.1B). By contrast, we saw no differences in IL-4 production during the first
week post infection (Fig.1C&D).

CD8* and CD4* cells synthesize IFN-y

We then determined which cell type produced IFN-y. CD8* T cells appear to be the first
IFN-y source on day 5 after vaccination (Fig.2B&D). On day 7 both CD4* and CD8* T cell
populations produced IFN-y (Fig.2A, B, C & D). Surprisingly, we could not observe any
IFN-y coming from NK cells subset (data not shown).

We further characterized these IFN-y-producing cell populations for the expression of CD3
and the gamma-delta TCR, and the activation markers CD69 and HLA-DR. We also
assessed the ability of these IFN-y-producing lymphocytes to elaborate TNF-o and 1L-6. The
CD8* and CD4* IFN-y-producing populations were also CD3", indicating that they are
indeed T cells (Fig. 3A, B & D). The CD8*, CD3*, IFN-y-producing T cells also expressed
the gamma-delta TCR (Fig. 3C), indicating that these innate immune cells were the first
IFN-y source. Additionally, the CD8" and CD4" populations were recently activated, as
demonstrated by their CD69 expression (Fig. 3A & B). Despite the clear activation observed
in these cell subsets, there was no increase in the percentages of CD3, CD4, CD8 and
gamma-delta T cells (data not shown). The IFN-y-producing CD8* and CD4* cells also
synthesized TNF-a (Fig. 3A, B & D). These IFN-y-producing cells did not express HLA-DR
or produce IL-6 (data not shown). Thus, at days 5 and 7, the IFN-y-producing CD8" T cells
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are activated, produce TNF-a, and express the gamma-delta TCR. At day 7, CD4™ T cells
also produce IFN-y and these lymphocytes are activated and synthesize TNF-a.

Early IFN-y production by the CD4* and CD8* T cell population is a feature of YF-17D

vaccination

We next investigated whether this unusual early IFN-y production was a feature of yellow
fever vaccination or was common also to other viral infections. For this purpose, we
analyzed PBMC samples from monkeys vaccinated with YF-17D, rYF-17D and rAd5. As
shown in figure 4, there were no significant differences in intracellular IFN-y detection in
the CD8™ population between the YF-17D, rYF-17D, and rAd5 vaccinees, either on day 5
(A) or on day 7 (B) after vaccination. There was, however, a trend towards early IFN-y
production in the YF-17D and rYF-17D-vaccinated animals. Furthermore, as shown in table
1, there was an increase in the percentage of IFN-y gamma-delta®™ T cells in YF-17D
vaccinated animals. This was not observed for Ad-5 vaccinated animals. We also observed a
significant increase in IFN-y detection in the CD4" T cell population seven days after
YF-17D or rYF-17D vaccination compared to rAd-5 vaccination (Fig.4 C&D). These cells
were already producing IFN-y on day 7 after vaccination, as shown by the significant
number of spot-forming cells in unstimulated wells during ELISPOT assays in both the
YF-17D and the rYF-17D vaccinees but not in the rAd5 vaccinees (Fig.4D).

Discussion

It has been suggested that early events after yellow fever vaccination are crucial to the
development of adequate acquired immunity [2, 3, 12]. Unfortunately, it is still unclear
which early events are important in the development of efficient YF-specific memory
responses. Here, we focused on IFN-y production during the first days after yellow fever
vaccination in Indian rhesus macaques, a relevant animal model for pre-clinical trials of
vaccine development.

IFN-y is one of the most important molecules in the immune system with many different
functions [13]. In our study, we detected intracellular IFN-y in the lymphocyte gate, which
peaked at days 5 and 7, indicating a possible role for this cytokine early after YF-17D
vaccination. Similarly, an increase in IFN-y levels in human serum after YF-17D
vaccination has already been demonstrated [7]. IFN-y is recognized as a hallmark of the
TH1 subset of helper T cells and activates macrophages, NK and CD8* T cells. It is
noteworthy that all of these cell types are activated after yellow fever vaccination in humans
and this activation has been implicated in vaccine viral clearance. This may limit viral
spread, which may help to prevent serious viscerotropic adverse events [6-8, 14]. On the
other hand, it has also been shown that IFN-y may drive humoral immune responses,
redirecting B cells from proliferation towards differentiation, promoting isotype switching to
certain 1gG subclasses [reviewed in 13]. In this regard, only 1gG2a antibodies (classically
elicited by IFN-y in mice) directed against the yellow fever Envelope (E) and Non-structural
1 (NS-1) proteins, but not IgG1, were able to protect mice against encephalitis after
intracerebral challenge with YF-17D [15, 16].

IFN-y is produced by several cell types, within the innate and adaptive immune response,
after microbial stimulation [13, 17]. We, therefore, investigated which cell types were
responsible for early IFN-y production during the first week after yellow fever vaccination.
We demonstrated that gamma-delta TCR* CD8" T cells were likely the first source of IFN-y
in response to YF-17D. Surprisingly, we could not see any IFN-y production in the NK cells
subset, despite the clear activation (CD69 expression) of this population within the first
week after monkey vaccination (data not shown), as has been observed previously in human
cells [7]. Gamma-delta TCR* CD8™" T cells which produced IFN-y were recently activated,
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as demonstrated by CD69 expression, and also elaborated TNF-a. In line with our findings,
another group has shown that human gamma-delta TCR* T cells cultured with YF-17D-
infected dendritic cells (DCs) expressed CD69 and released IFN-y [18]. Activation of
gamma-delta TCR* T cell subsets has also been observed in other infections caused by
flaviviruses, in humans and animal models, such as Hepatitis C virus (HCV), GB-type C
virus (GBC-V) and West Nile virus (WNV) [19]. During acute WNV infections in mice,
gamma-delta TCR* T cells released IFN-y early following infection. Early IFN-y
production, in this model, was responsible for protection against encephalitis caused by
WNV [20]. It was proposed that, in this WNV model of protection, gamma-delta TCR* T
cells regulate DC maturation, initiating CD4" T cell priming, in large part due to release of
IFN-y and TNF-a [21]. Indeed, in our study, IFN-yand TNF-a production by gamma-delta
TCR* CD8* T cells was followed by IFN-y detection in the CD4* T cell population two
days later. CD4* IFN-y-producing cells were activated and also produced TNF-o, indicating
that they were probably derived from the Tl lineage. These CD4* Tl cells induced by YF
vaccination may be responsible for the CD8* T cell activation and differentiation observed
both in humans or in rhesus monkeys [10, 14].

We have shown that early IFN-y production by gamma-delta T cells and CD4 T cells was
also seen after vaccination with the recombinant YF-17D virus. This was not observed with
recombinant Ad5, suggesting that this early activation might be an aspect of the yellow fever
vaccine, which is a replication-competent vector. In this regard, previous work has shown
that human gamma-delta T cell activation and IFN-y production induced by the YF-17D
virus was mediated by the cross-talk between these cells and plasmacytoid DCs. This
involved replicative nucleic acids engagement of TLRs 7/8 and 9 and type | IFN production,
indicating that the replication capacity of this virus may be crucial for triggering this early
response. A role of Toll receptors for nucleic acids sensing in innate immune cells activation
after YF-17D stimulation/vaccination has been also demonstrated for human NK cells and
DCs [5,7,18]. The early IFN-y release in the context of yellow fever vaccination probably
results in induction of CD4 T cells committed to Tyl responses observed for yellow fever
vaccinated animals, but not in Ad-5 vaccinated animals in the present study. In fact, results
obtained in mice immunized with two different rYF-17D carrying HIV-p24 antigen have
shown that YF-17D is able to induce CD4 as well as CD8 T cell specific responses,
comparing to rAd-5, which induced largely CD8 T cell responses [22].

Taken together, these data demonstrate that IFN-y is produced early after yellow fever
vaccination in rhesus monkeys by gamma-delta T cells and CD4 T cells. This early IFN-y
production is also induced after vaccination with recombinant YF, but was not observed
after recombinant Ad5 vaccination, indicating it may be dependent on virus replication.
Therefore, IFN-y production within the first week after vaccination might be an important
aspect of the yellow fever vaccine and probably plays an important role in helping the
development of classical CD8" T cell responses and the production of neutralizing
antibodies.
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Intracellular IFN-y and IL-4 production by lymphocytes after YF-17D vaccination in rhesus
macaques. PBMCs were analyzed by multi-color flow cytometry for IFN-y and IL-4
production in the CD3™ cell gate. Panels A and C show the kinectics of IFN-y and IL-4
production for each monkey, respectively. Medians for each day are represented in a box
plot format (B and D). Boxes represent the 25th to the 75th percentile and the median is
shown as a line across the box. D.P.V.- days post-vaccination. **P<0.01, *P<0.05.
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Figure 2.

Intracellular IFN-y production by CD4* and CD8* cells. Representative contour plots for

increased IFN-y detection in CD4* (A) and CD8* (B) cells
vaccination. PBMCs from vaccinated rhesus macaques wer

at days 0, 5, and 7 after YF-17D
e incubated for 6 hours and

analyzed for intracellular IFN-y expression by flow cytometry within CD4* (C) or CD8" (D)
gates. Box plots show medians for each day. D.P.V.- days post-vaccination. **P<0.01,

*P<0.05.
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Characterization of the IFN-y-producing cell populations after YF-17D vaccination in rhesus
monkeys. Expression of the T cell marker CD3, the very early activation marker CD69 and
TNF-a cytokine by IFN-y* (red) and IFN-y~-(blue) populations within the CD8*
lymphocyte subset five (A) and seven (B) days after vaccination. The gated CD8* cells were
also analyzed for gamma-delta TCR expression (C). Expression of CD3, CD69 and TNF-a
by IFN-y* (red) and IFN-y~ (blue) populations within the CD4" lymphocyte subset seven
(D) days after vaccination.
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IFN-y-producing cells after vaccination with YF-17D, recombinant YF-17D, and
recombinant Ad5 virus. Panels A and B show the frequency of CD8" IFN-y* cells on days 5
and 7 after YF-17D, recombinant YF-17D (rYF-17D), or recombinant Adenovirus type 5
(rAd5) vaccination in rhesus monkeys. The percentage of CD4*IFN-y* cells measured seven
days after vaccination with each virus is shown in panel C. (D) Number of spot-forming
cells in unstimulated wells detected seven days after vaccination (IFN-y ELISpot assay). The
median is shown as a line across the box. **P<0.01, *P<0.05.
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Table 1

Proportion of IFN-y+ cells in the yd T cell subset

Days post-vaccine

Vaccine  Animal 0 5 7
YF
r04109 123 230 574
r04136 0.63 145 147
Ad5
r03105 156 100 0.14
ro4149 9.82 12.00 9.94
ro5073 1.65 135 0.56
r05086 9.00 471 212

*

Data are expressed in percentages.
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