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T cells are an important component of immune responses, and their function is influenced by their
expression of inhibitory receptors. Immunization with alternative serotype adenovirus (Ad) vectors
induces highly functional T cell responses with lower programmed cell death 1 (PD-1) expression and
increased boostability relative to Ad5 vectors. However, a detailed phenotypic characterization of other
inhibitory receptors is lacking, and it is unknown whether Ad5-induced CD8 T cells eventually recover
function with time. In this report, we measure the expression of various inhibitory receptors and memory
markers during early and late time points following vaccination with Ad5 and alternative serotype Ad
vectors. CD8 T cells induced by Ad5 exhibited increased expression of the inhibitory receptor Tim-3
and showed decreased central memory differentiation as compared with alternative serotype Ad vectors,
even a year following immunization. Moreover, relative to Ad5-primed mice, Ad26-primed mice exhib-
ited substantially improved recall of SIV Gag-specific CD8 T cell responses following heterologous boost-
ing with MVA or Ad35 vectors. We also demonstrate that low doses of Ad5 priming resulted in more
boostable immune responses with lower PD-1 expression as compared to high Ad5 doses, suggesting a
role for vector dose in influencing immune dysfunction following Ad5 vaccination. These data suggest
that Ad5 vectors induce a long-term pattern of immune exhaustion that can be partly overcome by low-
ering vector dose and modulating inhibitory signals.

� 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Adenovirus (Ad) vectors are important vaccine platforms due to
their productive capacity and immunogenicity [1–4]. A disadvan-
tage of Ad5 vectors is their high seroprevalence [1,5], which led
the development of Ad vectors from alternative serotypes [6]. We
have shown that immunization with alternative serotype Ad vec-
tors provides immune protection against stringent SIV challenges
in rhesus monkeys [7,8]. Moreover, immunization with Ad5, but
not alternative serotype Ad vectors (such as Ad26, Ad35, and
Ad48), results in upregulation of programmed cell death 1 (PD-1)
on vaccine-elicited CD8 T cells and reduced recall responses [9].
We therefore examined the expression of other co-inhibitory
receptors and homeostatic survival markers on CD8 T cell
responses following vaccination with Ad5 or alternative serotype
Ad vectors, including Ad26, which has shown promise in pre-
clinical HIV vaccine studies and is being evaluated in clinical trials
[10–12].

Expression of CD127 (the IL-7Ra chain) selectively marks effec-
tor CD8 T cells that survive the contraction phase and give rise to
memory CD8 T cells [13]. Moreover, memory CD8 T cells that
express CD62L (referred to as central memory CD8 T cells) exhibit
greater anamnestic capacity and provide enhanced immune pro-
tection following various pathogen challenges [14]. CD8 T cell
function is also dependent on the expression of inhibitory recep-
tors [15]. PD-1 is a important inhibitory receptor that negatively
regulates T cell activation and cytokine production [15–22].

We have shown that alternative serotype Ad vectors induce
memory T cells with enhanced functionality and reduced PD-1
expression relative to memory T cells induced by Ad5 vectors
[9,23]. This suggested that T cells elicited by Ad5 vectors are
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Fig. 1. Reduced Tim-3 expression on memory CD8 T cells after immunization with alternative serotype Ad vectors compared to Ad5 vectors. (A) Experiment layout. (B)
Representative histograms showing expression of multiple co-inhibitory receptors on Gags-specific (DbAL11+) CD8 T cells. (C) Representative FACS plots showing percentage
of Gag-specific CD8 T cells in spleen and liver that express Tim-3. (D) Summary of mean fluorescence intensity (MFI) of Tim-3 staining on Gag-specific CD8 T cells in spleen
and liver. Tissue data are from approximately day 60 post-immunization. Data in spleen are representative of three independent experiments, with n = 4 mice per group per
experiment. Data in liver are representative of two independent experiments, with n = 4 mice per group per experiment. *p < 0.05; **p < 0.01. Error bars indicate SEM.
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partially exhausted. To better understand the immunological dif-
ferences between Ad5 and alternative serotype Ad vaccine vectors,
we assessed the expression of multiple co-inhibitory receptors. In
this report, we show that Gag-specific CD8 T cells induced by alter-
native serotype Ad vectors also induced reduced expression of the
T cell immunoglobulin and mucin domain (Tim-3) inhibitory
receptor relative to Ad5 vectors. Tim-3 is an inhibitory receptor
that has been shown to negatively regulate cytokine expression
on T cells [15,24,25], and is also known to be upregulated alongside
PD-1 on functionally exhausted T cells during chronic viral infec-
tions such as those with LCMV Cl-13, HCV or HIV. Importantly,
CD8 T cells co-expressing both PD-1 and Tim-3 appear to be more
functionally exhausted than those expressing either PD-1 or Tim-3
alone [26–32]. Consistent with these prior reports, low Tim-3
levels in CD8 T cells primed by Ad26 vectors were associated with
robust recall CD8 T cell responses following heterologous boosting
with modified vaccinia Ankara (MVA) or Ad35. We also demon-
strated that lowering the dose of the Ad5 prime led to improved
CD8 T cell responses, suggesting a role for antigen burden in dictat-
ing the extent of the exhausted T cell response following immu-
nization with Ad5.
2. Materials and methods

2.1. Mice and infections

Six to 8-week-old female C57BL/6 mice (from Jackson Laborato-
ries) were used for all immunization experiments. Replication-
incompetent, E1/E3-deleted Ad5, Ad26, Ad35, and Ad48 vectors
expressing SIVmac239 Gag were prepared as previously described
[1]. Modified vaccinia Ankara (MVA) expressing SIV Gag-Pol-Env
was provided by the U.S. Military HIV Research Program (MHRP).
Mice were immunized intramuscularly in both hind leg muscles
with Ad vectors at 1010 viral particles (vp) per mouse or with esca-
lating doses of Ad5 (108, 109 or 1010 vp) per mouse for dose titra-
tion experiments. Vector concentration was determined by
spectrophotometry against known standards. For boosting experi-
ments, mice were boosted intramuscularly with MVA at 6107

plaque-forming units(PFU) per mouse or with Ad35 at 109 vp per
mouse. Intramuscular (i.m.) injections were administered in
100 ll phosphate-buffered saline (PBS) injections (50 ll per
quadricep). All experiments were performed with approval of the
Institutional Animal Care and Use Committee (IACUC).
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2.2. Intracellular cytokine staining (ICS) assays

Cytokine expression of Gag-specific cellular immune responses
in immunized mice were assessed by multiparameter intracellular
cytokine staining (ICS) assays. Lymphocytes isolated fromthe spleen
(106) or the liver (106)were incubated for 5 h at 37 �Cwith 0.2 lg/ml
of SIV Gag AL11 peptide (an immunodominant CD8 T cell epitope)
together with brefeldin A (GolgiPlug) and monensin (GolgiStop).
Cells were stained with anti-mouse CD8-PerCPCy5.5 (53–6.7) and
anti-mouse/human CD44 Pacific Blue (IM7) and then were fixed
andpermeabilized (Cytofix/Cytoperm)prior to intracellular staining
with anti-mouse gamma interferon (IFN-c), anti-mouse tumor
necrosis factor alpha (TNF-a), and anti-mouse interleukin 2 (IL-2).
All of these reagents were purchased from BD Biosciences.

2.3. Surface markers and tetramer binding assays

Single-cell suspensions from blood or homogenized spleen or
liver were stained for 30 min at 4 �C with anti-mouse CD8a (53–
6.7), anti-mouse/human CD44 (IM7), anti-mouse CD127 (A7R34),
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anti-mouse CD62L (MEL-14), anti-mouse PD-1 (RMP1-30), anti-
mouse Tim-3 (RMT3-23), and Live/Dead Near-IR reagent. All anti-
bodies were purchased from BD Pharmingen, except for CD44
(Biolegend), PD-1 (Biolegend), Tim-3 (Biolegend), and Live/Dead
Fixable Near-IR antibody (Invitrogen). H-2Db-AL11 biotinylated
monomers were obtained from the NIH tetramer facility at Emory
University. Fixed cells were acquired using an LSR II flow cytome-
ter (BD Biosciences) and analyzed using FlowJo software (Treestar).

2.4. Statistical analysis

Statistical analysis was performed on GraphPad Prism using a
two-tailed unpaired Student’s t test except for two-tailed paired
Student’s t test where stated. Data are presented as standard errors
of the means (SEM).

3. Results

3.1. Reduced PD-1 and Tim-3 co-expression on memory CD8 T cells
after immunization with alternative serotype adenovirus (Ad) vectors
compared to Ad5 vectors

To assess the expression of inhibitory receptors on vaccine-
elicited CD8 T cells, we immunized C57BL/6 mice intramuscularly
with 1010 viral particles (VP) of Ad vectors expressing simian
immunodeficiency virus (SIV) Gag and evaluated co-inhibitory
receptor expression at day 60 (Fig. 1A). Consistent with previous
observations [9,23], PD-1 expression was higher on virus-specific
CD8 T cells from Ad5 immunized mice compared to Ad26 immu-
nized mice (Fig. 1B) [9]. Interestingly, we also noticed upregulation
of inhibitory Tim-3 following vaccination with Ad5 relative to vac-
cination with alternative serotype Ad vectors (Fig. 1B and C). Of
note, vaccination with the Ad5 vector elicited greater percentages
of Gag-specific CD8 T cells expressing Tim-3 compared to vaccina-
tion with alternative serotype Ad vectors, and the per-cell expres-
sion of Tim-3 was more strikingly different in the liver, with Ad5
inducing two-fold greater levels of Tim-3 expression compared to
alternative serotype Ad vectors (p < 0.01) (Fig. 1D). There were
no significant differences in the expression of other inhibitory
receptors, such as LAG-3, CD160, CTLA-4 and 2B4 (Fig. 1B), suggest-
ing that Ad5 induced a phenotype of partial exhaustion, but not full
exhaustion, as is typically observed during chronic viral infection.

Both PD-1 and Tim-3 expression was inversely associated with
T cell functionality. Alternative serotype Ad vectors induced
greater percentages of IFN-chi Gag-specific CD8 T cells as compared
to Ad5 (Fig. 2A and B), consistent with our previous results in the
LCMV GP system [9]. Moreover, IFN-chi CD8 T cells showed lower
PD-1 and Tim-3 expression as compared to IFN-clow CD8 T cells
(Fig. 2C and D). Thus, inhibitory PD-1 and Tim-3 expression follow-
ing Ad vector immunization can be used to assess T cell function-
ality following vaccination. Although this inverse association
between multiple co-inhibitory receptor expression and low cyto-
kine expression has already been established for exhausted CD8 T
cells in the context of chronic infection and cancers [15,25,33], it
has not been evaluated thoroughly on memory CD8 T cells in the
context of vaccination. Our data suggest that alternative serotype
Ad vectors induce highly functional CD8 T cell responses with
low expression of co-inhibitory PD-1 and Tim-3 receptors and high
cytokine production in response to antigen.

3.2. Long-term enhancement in memory CD8 T cell conversion and
improved functionality after vaccination with Ad26 vector compared
to Ad5 vector

We previously showed that following vaccination with Ad5,
there is a slower effector memory to central memory CD8 T cell dif-
ferentiation relative to vaccination with alternative serotype Ad
vectors (CD8 T cells elicited by Ad5 exhibit a CD127lo CD62Llo phe-
notype at day 60 post-vaccination) [9]. However, memory T cell dif-
ferentiation is a continuous process following vaccination or
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acutely controlled infection [34–38], andwe reasoned that it is pos-
sible that central memory conversion with cytokine upregulation
may occur at a later time point following Ad5 vaccination. We thus
interrogated the long-term immune phenotypes following Ad5 or
Ad26 vaccination to specifically assess whether CD8 T cells elicited
by Ad5 can eventually differentiate into highly functional central
memory subsets. Mice were sacrificed at early memory time points
(day 60) or late memory time points (day 380) after vaccination,
and the phenotype and functionality of CD8 T cell responses was
examined. At all time points, Ad26 showed improved expression
of thememorymarkers CD127 and CD62L relative to Ad5, and there
was a greater fraction of CD8 T cells that had differentiated into cen-
tral memory (CD127+ CD62L+) subsets (mean percentage for day
380 for Ad5 was 3.3% and for Ad26 was 9.6%) (Fig. 3A–D).
Although Ad5 induced higher magnitudes of Gag-specific CD8 T
cells especially in the liver (relative to Ad26), these cells appeared
to be partially exhausted, evidenced by a low tetramer to cytokine
ratio (Fig. 4A and B) and decreased per cell expression of IFN-c,
TNF-a, and IL-2 even after day 380 post-immunization (Fig. 4C
and D). In addition, the frequencies of triple producing (IFN-c,
TNF-a, and IL-2) CD8 T cells were greater in Ad26 vaccinated mice
relative to Ad5 vaccinated mice at both early and late time points
(Fig. 4E and F). Taken together, the enhanced central memory CD8
T cell conversion and improved CD8 T cell functionality after
immunization with Ad26 compared to Ad5 were still observed at
later stages of the immune response. Moreover, these data demon-
strated permanent induction of a partially exhausted, effector-like
CD8 T cell response by Ad5.
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7 after Ad35 boost. Data are representative of two independent experiments, with n = 5 mice per group per experiment. *p < 0.05; **p < 0.01; ***p < 0.001.
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3.3. Robust anamnestic CD8 T cell responses after vaccination with
Ad26 vector

We next used an MVA boost regimen to compare anamnestic
CD8 T cell responses in mice primed with Ad5 or Ad26 expressing
SIV Gag (see Materials and Methods). Mice were sacrificed at day 7
post MVA boost to compare the peak anamnestic expansion of
Gag-specific CD8 T cells in both blood and tissues (Fig. 5A). Note
that an Ad5 prime induced greater levels of Gag-specific CD8 T
cells relative to Ad26 as previously shown [9,39]. However, follow-
ing an MVA boost, Ad26-primed CD8 T cells showed a robust recall
expansion (difference between pre and post-boost for Ad5 was
1.47-fold, p = 0.0318; for Ad26 was 4.93-fold, p = 0.0031; Ad26
recall expansion was 3.4-fold greater compared to Ad5, p < 0.05)
(Fig. 5B–D). Following Ad26/MVA prime-boost vaccination, there
was also a greater per cell IFN-c expression in Gag-specific CD8 T
cells in the liver (Fig. 5E) (P = 0.05) with increased tetramer to cyto-
kine ratio (Fig. 5F) as compared to Ad5/MVA prime-boost vaccina-
tion. A similar trend was observed with an Ad35 boost suggesting
the generalizability of these observations (Fig. 5G). The improved
recall expansion of Ad26 primed CD8 T cells over those primed
by Ad5 appeared irrespective of the boosting vector.

3.4. Improved anamnestic CD8 T cell responses after vaccination with
low dose Ad5 vector

A previous study showed that lowering the dose of an Ad5
prime can improve vaccine-elicited CD8 T cells responses [40].
We therefore reasoned that the impaired recall immune response
seen with Ad5 primed mice (which included higher inhibitory
receptor expression and lower cytokine expression relative to
Ad26) may be overcome by reducing the priming dose in a heterol-
ogous prime-boost vaccine regimen. We compared the CD8 T cell
recall response in mice primed with escalating doses of Ad5 (108,
109 or 1010 vp), and boosted at day 60 post prime with Ad35 or
MVA. Mice were bled longitudinally to assess the magnitude and
phenotype of antigen specific CD8 T cells in blood (Fig. 6A). All
doses of Ad5 elicited similar peak CD8 T cell responses at day 15
post-prime, but the low dose Ad5 prime (108 and 109 vp) were
associated with more pronounced CD8 T cell contraction compared
to high dose Ad5 prime (1010 vp) (Fig. 6B and C) (p < 0.001). How-
ever, the fold recall expansion of memory CD8 T cell was signifi-
cantly greater with low dose compared to high dose Ad5 prime
by day 7 post-boost (fold-increase for low dose was 2.39-fold,
p < 0.0001; fold-increase for high dose was 0.99-fold, p = 1)
(Fig. 6B–D).

Finally, we assessed the expression of PD-1 on antigen-specific
CD8 T cells and observed that antigen-specific CD8 T cells in mice
primed with low dose Ad5 expressed significantly lower PD-1 rel-
ative to high dose Ad5-primed mice at all time points, including at
the peak of the primary response (p < 0.0001), during the memory
response (p = 0.0059), and after Ad35 boost (p < 0.0005) (Fig. 6E–
G). A similar trend was observed following MVA boost (data not
shown). Therefore, our findings confirm and extend previous
reports [40] and further suggest that lowering the priming dose
of Ad5 100-fold can mitigate the exhausted phenotype and
improve memory recall following Ad5 vaccination, resulting in T
cell responses that are similar to those of Ad26.

4. Discussion

Substantial biological differences between Ad5 and alternative
serotype Ad vectors, including differences in tropism [22–24], pri-
mary receptor usage [19,22,24–27], and triggering of innate
immune responses [28–33], may help to explain their observed
immunologic differences. Our laboratory and others have previ-
ously reported that although Ad5 is highly immunogenic, it
induced CD8 T cells with a more terminally differentiated pheno-
type, partial exhausted phenotype, and defective recall capability
[9,23,41]. Our prior observations were reported using recombinant
Ad vectors expressing lymphocytic choriomeningitis virus glyco-
protein antigens (LCMV GP). Here, we have generalized these
observations to the SIV Gag system with two different boosting
platforms. Moreover, we show that in addition to PD-1 upregula-
tion, CD8 T cells elicited by Ad5 vectors exhibit Tim-3 upregula-
tion. These immunological differences may help to explain the
distinct recall potential of CD8 T cells elicited by Ad5 and alterna-
tive serotype Ad vectors when delivered at high doses.

The mechanism for the immune dysfunction induced by Ad5 is
not well understood, and the role of antigen persistence, dendritic
cell priming, and various innate immune pathways remain to be
determined. Our prior data show that cellular tropism does not
appear to account for the immune defects that are observed in
Ad5-induced CD8 T cells, as hexon hypervariable region-modified
Ad5 (Ad5HVR48), which exhibits a tropism similar to that of
Ad48, induces T cell immune dysfunction similar to Ad5 [42]. We
have also observed a similar pattern of memory CD8 T cell differ-
entiation following immunization of rhesus macaques with Ad5
versus Ad26 (data not shown).

PD-1+ Tim-3+ T cells are also known to be more functionally
impaired than CD8 T cell populations that remain single-positive
for either marker, as suggested by prior studies [26–32]. Lower
levels of the co-inhibitory receptors PD-1 and Tim-3, and increased
levels of memory markers on CD8 T cells elicited by Ad26 vaccina-
tion may help to explain the enhanced anamnestic potential rela-
tive to Ad5 vaccination. It has also been suggested that lowering
the dose of Ad5 vaccines may improve the functionality of CD8 T
cells [40]. Our study confirms and extends this prior report by
showing improved fold expansion of CD8 T cells and low inhibitory
receptor expression in low dose Ad5 vaccine groups relative to
high dose Ad5 vaccine groups. Since Ad26 is less immunogenic at
low doses (107 VP induce negligible responses in mice) [23], our
data cannot compare CD8 T cell function with high versus low
doses of Ad5 and Ad26. We therefore assessed Ad5-induced CD8
T cell responses at both high and low doses to demonstrate that
CD8 T cells are more functional with low doses of this vector.

In conclusion, we expand previous comparative findings on Ad5
and alternative serotype Ad vectors by providing additional data
showing that the phenotype, functionality, and recall potential of
memory CD8 T cells elicited by alternative serotype Ad and Ad5
vectors are substantially different in their phenotype and long-
term recall capacity. Importantly, we confirm that these observa-
tions are reproducible in multiple prime boost regimens. These
findings advance our current understanding of Ad vectors for
development as vaccine candidates against HIV-1.
Acknowledgments

We would like to thank Jade Mondesir, David Jetton, Stephen
Blackmore, Lily Parenterau, and Erica Borducchi for technical assis-
tance. These experiments were supported by grants from the NIH
(AI007245, AI07387 to P.P.M.; AI078526, AI096040 to D.H.B.), the
Bill and Melinda Gates Foundation (OPP1033091 to D.H.B), and
the Ragon Institute of MGH, MIT, and Harvard (to D.H.B). The
authors declare that no financial conflicts of interests exist.
References

[1] Abbink P, Lemckert AA, Ewald BA, Lynch DM, Denholtz M, Smits S, et al.
Comparative seroprevalence and immunogenicity of six rare serotype
recombinant adenovirus vaccine vectors from subgroups B and D. J Virol
2007;81:4654–63.

http://refhub.elsevier.com/S0264-410X(16)30733-2/h0005
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0005
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0005
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0005


P. Penaloza-MacMaster et al. / Vaccine 34 (2016) 4955–4963 4963
[2] Liu J, Ewald BA, Lynch DM, Denholtz M, Abbink P, Lemckert AA, et al.
Magnitude and phenotype of cellular immune responses elicited by
recombinant adenovirus vectors and heterologous prime-boost regimens in
rhesus monkeys. J Virol 2008;82:4844–52.

[3] Tatsis N, Ertl HC. Adenoviruses as vaccine vectors. Mol Ther: J Am Soc Gene
Ther 2004;10:616–29.

[4] Griffin BD, Nagy E. Coding potential and transcript analysis of fowl adenovirus
4: insight into upstream ORFs as common sequence features in adenoviral
transcripts. J Gen Virol 2011;92:1260–72.

[5] Barouch DH, Kik SV, Weverling GJ, Dilan R, King SL, Maxfield LF, et al.
International seroepidemiology of adenovirus serotypes 5, 26, 35, and 48 in
pediatric and adult populations. Vaccine 2011;29:5203–9.

[6] Roberts DM, Nanda A, Havenga MJ, Abbink P, Lynch DM, Ewald BA, et al.
Hexon-chimaeric adenovirus serotype 5 vectors circumvent pre-existing anti-
vector immunity. Nature 2006;441:239–43.

[7] Barouch DH, Liu J, Li H, Maxfield LF, Abbink P, Lynch DM, et al. Vaccine
protection against acquisition of neutralization-resistant SIV challenges in
rhesus monkeys. Nature 2012;482:89–93.

[8] Liu J, O’Brien KL, Lynch DM, Simmons NL, La Porte A, Riggs AM, et al. Immune
control of an SIV challenge by a T-cell-based vaccine in rhesus monkeys.
Nature 2009;457:87–91.

[9] Penaloza-MacMaster P, Provine NM, Ra J, Borducchi EN, McNally A, Simmons
NL, et al. Alternative serotype adenovirus vaccine vectors elicit memory T cells
with enhanced anamnestic capacity compared to Ad5 vectors. J Virol
2013;87:1373–84.

[10] Barouch DH, Alter G, Broge T, Linde C, Ackerman ME, Brown EP, et al. HIV-1
vaccines. Protective efficacy of adenovirus/protein vaccines against SIV
challenges in rhesus monkeys. Science 2015;349:320–4.

[11] Barouch DH, Stephenson KE, Borducchi EN, Smith K, Stanley K, McNally AG,
et al. Protective efficacy of a global HIV-1 mosaic vaccine against heterologous
SHIV challenges in rhesus monkeys. Cell 2013;155:531–9.

[12] Stephenson KE, D’Couto HT, Barouch DH. New concepts in HIV-1 vaccine
development. Curr Opin Immunol 2016;41:39–46.

[13] Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R. Selective
expression of the interleukin 7 receptor identifies effector CD8 T cells that give
rise to long-lived memory cells. Nat Immunol 2003;4:1191–8.

[14] Wherry EJ, Teichgraber V, Becker TC, Masopust D, Kaech SM, Antia R, et al.
Lineage relationship and protective immunity of memory CD8 T cell subsets.
Nat Immunol 2003;4:225–34.

[15] Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al.
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during
chronic viral infection. Nat Immunol 2009;10:29–37.

[16] Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al. Restoring
function in exhausted CD8 T cells during chronic viral infection. Nature
2006;439:682–7.

[17] Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia V, et al. Molecular
signature of CD8+ T cell exhaustion during chronic viral infection. Immunity
2007;27:670–84.

[18] Wherry EJ. T cell exhaustion. Nat Immunol 2011;12:492–9.
[19] Freeman GJ, Wherry EJ, Ahmed R, Sharpe AH. Reinvigorating exhausted

HIV-specific T cells via PD-1-PD-1 ligand blockade. J Exp Med 2006;203:
2223–7.

[20] Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1
expression on HIV-specific T cells is associated with T-cell exhaustion and
disease progression. Nature 2006;443:350–4.

[21] Cai G, Karni A, Oliveira EM, Weiner HL, Hafler DA, Freeman GJ. PD-1 ligands,
negative regulators for activation of naive, memory, and recently activated
human CD4+ T cells. Cell Immunol 2004;230:89–98.

[22] Blackburn SD, Shin H, Freeman GJ, Wherry EJ. Selective expansion of a subset
of exhausted CD8 T cells by alphaPD-L1 blockade. Proc Natl Acad Sci USA
2008;105:15016–21.

[23] Tan WG, Jin HT, West EE, Penaloza-MacMaster P, Wieland A, Zilliox MJ, et al.
Comparative analysis of simian immunodeficiency virus gag-specific effector
and memory CD8+ T cells induced by different adenovirus vectors. J Virol
2013;87:1359–72.

[24] Hastings WD, Anderson DE, Kassam N, Koguchi K, Greenfield EA, Kent SC, et al.
TIM-3 is expressed on activated human CD4+ T cells and regulates Th1 and
Th17 cytokines. Eur J Immunol 2009;39:2492–501.

[25] Jin HT, Anderson AC, Tan WG, West EE, Ha SJ, Araki K, et al. Cooperation of
Tim-3 and PD-1 in CD8 T-cell exhaustion during chronic viral infection. Proc
Natl Acad Sci USA 2010;107:14733–8.

[26] Zhang ZN, Zhu ML, Chen YH, Fu YJ, Zhang TW, Jiang YJ, et al. Elevation of Tim-3
and PD-1 expression on T cells appears early in HIV infection, and differential
Tim-3 and PD-1 expression patterns can be induced by common gamma -
chain cytokines. Biomed Res Int 2015;2015:916936.

[27] Wang L, Zhao C, Peng Q, Shi J, Gu G. Expression levels of CD28, CTLA-4, PD-1
and Tim-3 as novel indicators of T-cell immune function in patients with
chronic hepatitis B virus infection. Biomed Rep 2014;2:270–4.

[28] Vali B, Jones RB, Sakhdari A, Sheth PM, Clayton K, Yue FY, et al. HCV-specific T
cells in HCV/HIV co-infection show elevated frequencies of dual Tim-3/PD-1
expression that correlate with liver disease progression. Eur J Immunol
2010;40:2493–505.

[29] McMahan RH, Golden-Mason L, Nishimura MI, McMahon BJ, Kemper M, Allen
TM, et al. Tim-3 expression on PD-1+ HCV-specific human CTLs is associated
with viral persistence, and its blockade restores hepatocyte-directed in vitro
cytotoxicity. J Clin Investig 2010;120:4546–57.

[30] Lee KA, Shin KS, Kim GY, Song YC, Bae EA, Kim IK, et al. Characterization of age-
associated exhausted CD8(+) T cells defined by increased expression of Tim-3
and PD-1. Aging Cell 2016;15:291–300.

[31] Fourcade J, Sun Z, Benallaoua M, Guillaume P, Luescher IF, Sander C, et al.
Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen-
specific CD8+ T cell dysfunction in melanoma patients. J Exp Med
2010;207:2175–86.

[32] Jin HT, Anderson AC, Tan WG, West EE, Ha SJ, Araki K, et al. Cooperation of
Tim-3 and PD-1 in CD8 T-cell exhaustion during chronic viral infection. Proc
Natl Acad Sci USA 2010;107:14733–8.

[33] Myklebust JH, Irish JM, Brody J, Czerwinski DK, Houot R, Kohrt HE, et al. High
PD-1 expression and suppressed cytokine signaling distinguish T cells
infiltrating follicular lymphoma tumors from peripheral T cells. Blood
2013;121:1367–76.

[34] Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral
persistence alters CD8 T-cell immunodominance and tissue distribution and
results in distinct stages of functional impairment. J Virol 2003;77:4911–27.

[35] Wherry EJ, Ahmed R. Memory CD8 T-cell differentiation during viral infection.
J Virol 2004;78:5535–45.

[36] Gourley TS, Wherry EJ, Masopust D, Ahmed R. Generation and maintenance of
immunological memory. Semin Immunol 2004;16:323–33.

[37] Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell differentiation:
implications for vaccine development. Nat Rev Immunol 2002;2:251–62.

[38] Sarkar S, Teichgraber V, Kalia V, Polley A, Masopust D, Harrington LE, et al.
Strength of stimulus and clonal competition impact the rate of memory CD8 T
cell differentiation. J Immunol 2007;179:6704–14.

[39] Tan WG, Jin HT, West EE, Penaloza-Macmaster P, Wieland A, Zilliox MJ, et al.
Comparative analysis of SIV Gag specific effector and memory CD8 T cells
induced by different adenovirus vectors. J Immunol 2007;179(10):6704–14.

[40] Quinn KM, Zak DE, Costa A, Yamamoto A, Kastenmuller K, Hill BJ, et al. Antigen
expression determines adenoviral vaccine potency independent of IFN and
STING signaling. J Clin Investig 2015;125:1129–46.

[41] Pillai VK, Kannanganat S, Penaloza-Macmaster P, Chennareddi L, Robinson HL,
Blackwell J, et al. Different patterns of expansion, contraction and memory
differentiation of HIV-1 Gag-specific CD8 T cells elicited by adenovirus type 5
and modified vaccinia Ankara vaccines. Vaccine 2011;29:5399–406.

[42] Teigler JE, Penaloza-MacMaster P, Obeng R, Provine NM, Larocca RA, Borducchi
EN, et al. Hexon hypervariable region-modified adenovirus 5 vectors display
reduced hepatotoxicity but induce T lymphocyte phenotypes similar to Ad5
vectors. Clin Vaccine Immunol: CVI 2014:1–3.

http://refhub.elsevier.com/S0264-410X(16)30733-2/h0010
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0010
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0010
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0010
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0015
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0015
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0020
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0020
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0020
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0025
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0025
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0025
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0030
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0030
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0030
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0035
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0035
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0035
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0040
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0040
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0040
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0045
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0045
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0045
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0045
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0050
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0050
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0050
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0055
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0055
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0055
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0060
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0060
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0065
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0065
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0065
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0070
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0070
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0070
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0075
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0075
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0075
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0080
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0080
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0080
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0085
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0085
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0085
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0090
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0095
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0095
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0095
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0100
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0100
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0100
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0105
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0105
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0105
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0110
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0110
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0110
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0115
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0115
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0115
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0115
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0120
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0120
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0120
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0125
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0125
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0125
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0130
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0130
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0130
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0130
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0135
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0135
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0135
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0140
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0140
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0140
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0140
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0145
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0145
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0145
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0145
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0150
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0150
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0150
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0155
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0155
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0155
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0155
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0160
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0160
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0160
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0165
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0165
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0165
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0165
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0170
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0170
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0170
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0175
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0175
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0180
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0180
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0185
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0185
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0190
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0190
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0190
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0195
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0195
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0195
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0200
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0200
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0200
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0205
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0205
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0205
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0205
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0210
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0210
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0210
http://refhub.elsevier.com/S0264-410X(16)30733-2/h0210

	Inhibitory receptor expression on memory CD8 T cells following Ad vector immunization
	1 Introduction
	2 Materials and methods
	2.1 Mice and infections
	2.2 Intracellular cytokine staining (ICS) assays
	2.3 Surface markers and tetramer binding assays
	2.4 Statistical analysis

	3 Results
	3.1 Reduced PD-1 and Tim-3 co-expression on memory CD8 T cells after immunization with alternative serotype adenovirus (Ad) vectors compared to Ad5 vectors
	3.2 Long-term enhancement in memory CD8 T cell conversion and improved functionality after vaccination with Ad26 vector compared to Ad5 vector
	3.3 Robust anamnestic CD8 T cell responses after vaccination with Ad26 vector
	3.4 Improved anamnestic CD8 T cell responses after vaccination with low dose Ad5 vector

	4 Discussion
	Acknowledgments
	References


