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Abstract

The signaling lymphocytic activation molecule (SLAM) receptor-associated adaptor Ewing’s sarcoma-
associated transcript-2 (EAT-2) is primarily expressed in innate immune cells including dendritic 
cells (DCs), macrophages and NK cells. A recent human HIV vaccine study confirmed that EAT-2 
expression was associated with the enhanced immunogenicity induced by the MRKAd5/HIV vaccine. 
We previously harnessed the capability of EAT-2 to modulate signaling mediated by SLAM receptors 
and demonstrated that by incorporating EAT-2 expression into vaccines, one could enhance innate 
and adaptive immune responses in mice, even in the face of pre-existing immunity to the vaccine 
vectors. Herein, we investigated the innate immune responses of human cells exposed to EAT-2-over-
expressing vaccines. Our results demonstrate that EAT-2 over-expression can significantly alter the 
kinetics of critical pro-inflammatory cytokine and chemokine responses elaborated by human PBMCs. 
In addition, enhanced DC maturation and increased monocyte phagocytosis were observed in EAT-
2-transduced human cells. We also found that EAT-2 over-expression improved antigen presentation 
by human cells. Moreover, EAT-2 over-expression increased the anti-tumor activity of human NK cells 
against K562 tumor cell targets. Many of these responses were extinguished with use of an EAT-2 
variant carrying a mutant SH2 domain (R31Q), suggesting a critical role for the interaction between 
EAT-2 and SLAM receptors in mediating these responses. In conclusion, these results provide 
evidence that EAT-2 interacts with key components of multiple arms of the human innate immune 
system, and that this role highlights the potential for targeting EAT-2 functions so as to improve a 
number of human immunotherapeutic approaches, including vaccine development.
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Introduction

The innate immune system relies heavily on a variety of trans-
membrane, intracellular or secreted pattern-recognition recep-
tors (PRRs), each of which is vital for recognition of specific 
molecular structures found on or within potentially infectious 
agents, such as viruses or microbes (1, 2). Upon encounter 
with an appropriate pathogen-associated molecular pat-
tern (PAMP), activation of respective PRRs triggers signaling 
pathways that regulate the transcription of pro-inflamma-
tory cytokine and chemokine genes, as well as other innate 
immune defense responses—responses that also help shape 

subsequent, antigen-specific adaptive immune responses (3, 
4). For example, the innate immune system also has a key role 
in initiating and orchestrating the adaptive immune responses 
to antigens presented during vaccinations (5). These facts 
suggest that specific modulation of innate immunity during 
vaccination may allow for the development of improved thera-
peutic and preventative vaccines. This approach is but one 
example of numerous immunotherapeutic strategies currently 
being devised for the treatment of a great number of human 
conditions, both acquired and genetic (6–11).
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The use of vaccine adjuvants has been a traditional way 
of activating innate immunity so as to amplify the magnitude 
of T- and/or B-cell adaptive immune responses to antigens 
expressed by or present within vaccine formulations (11–13). 
Vaccine adjuvants are represented by different classes of 
compounds including microbial products, mineral salts, 
emulsions, nucleic acids, viral vectors and liposomes (6). 
By improving vaccine interactions with the innate immune 
system, adjuvants have been found to not only improve the 
kinetics of initial innate immune responses (jump-start innate 
immunity) but also increase the generation of immunological 
memory, alter the breadth of the adaptive immune response 
and provide specific types of immune responses, such as Th1 
versus Th2 or CD8+ versus CD4+ T-cell responses (14).

Triggering innate immune receptor signaling, such as 
TLRs, RIG-like receptors (RLRs) or NOD-like receptors 
(NLRs), by use of specific agonists or over-expressing innate 
immune receptor-associated adaptors (e.g. MyD88 or TRIF) 
has been shown to induce pro-inflammatory cytokine and 
chemokine responses, with a result being augmentation of 
the adaptive immune responses elicited towards target anti-
gens (15).

Another important family of immunoreceptors that play a 
critical role in innate and adaptive immune regulation is the 
signaling lymphocytic activation molecule (SLAM) family of 
receptors (16). SLAM receptors serve as costimulatory mol-
ecules that regulate intracellular signaling pathways that gov-
ern the function of several innate and adaptive immune cells 
(17). The SLAM family is currently composed of six distinct 
innate and adaptive immune cell-specific members, including 
SLAM (CD150), 2B4 (CD244), Ly9, CD84, NTB-A (natural killer-
T- and B-cell antigen; Ly108 in the mouse) and CRACC (CD2-
like receptor activating cytotoxic cells, also called CD319 and 
Cs-1) (18, 19). All SLAM members except 2B4, which interacts 
with CD48, are self-ligands that initiate intracellular signaling 
via recruitment of the SLAM-associated protein (SAP) fam-
ily of adaptors, which includes three members: SAP, Ewing’s 
sarcoma-associated transcript-2 (EAT-2) and EAT-2-related 
transducer (ERT; present in rodents only) (19). These adaptors 
associate with high affinity and specificity to immunoreceptor 
tyrosine-based switch motifs (ITSMs) present in the cytoplas-
mic domains of the SLAM family of receptors (17).

We have previously demonstrated that manipulating 
SLAM signaling by over-expressing the EAT-2 adaptor from 
a recombinant adenovirus serotype 5 (rAd5)-based vac-
cine platform enhances the early robust activation of innate 
immune responses and consequently dramatically improves 
the induction of antigen-specific adaptive immune responses 
by the vaccine platform in animals, even in the presence of 
high levels of anti-Ad5-specific immunity (20–23).

In this study, we set out to investigate what, if any, impact 
EAT-2 over-expression may have on human innate immune 
cell responses, a key step towards translating this form of 
immunomodulation into the human clinical realm. Our data 
demonstrate that Ad-mediated expression of EAT-2 (rAd5-
EAT2) activates signaling cascades that induce the produc-
tion of several pro-inflammatory cytokines and chemokines 
from human PBMCs. In addition, we observed enhanced 
phagocytic activity of monocytes derived from rAd5-EAT2-
infected human PBMCs. Moreover, improved dendritic cell 

(DC) maturation was achieved following Ad-mediated EAT-2 
over-expression, as characterized by increased expression 
of CD80, CD83 and CD86 costimulatory molecules as well 
as enhanced HLA-DR expression on DCs. Furthermore, the 
enhanced innate immune responses by EAT-2 translated 
into more potent NK cell tumoricidal responses. Collectively, 
our results demonstrate that immunomodulatory strate-
gies that specifically attempt to harness the functions of the 
immunomodulatory protein EAT-2 for use in humans can be 
demonstrated to parallel improvements previously noted in 
animal studies. Specifically, vaccines that over-express EAT-2 
have improved efficacy in human cells via a mechanism that 
is associated with an early activation of several arms of the 
human innate immune system. This appears to be primarily 
mediated through the interaction between the SH2 domain of 
EAT-2 and the ITSMs of SLAM receptors, since use of a mutant 
form of the EAT-2 adaptor, EAT-2(R31Q), in these same exper-
iments significantly reduced the innate immune responses 
of human PBMCs. Inclusion of EAT-2 targeting strategies 
may be a promising approach for use in a number of human 
immunotherapeutic strategies targeting a number of human 
diseases, including infectious diseases and cancers.

Methods

Vector construction
The rAd5-EAT2, rAd5-Null, rAd5-EAT2(R31Q) mutant and 
rAd5-GFP viruses were purified as previously described (20–
23). Ad5 vectors expressing the murine EAT-2 were utilized in 
these studies. Briefly, the open reading frame of the transgene 
was excised from a plasmid using primers flanked by spe-
cific restriction endonucleases (NEB, Ipswich, MA, USA) and 
sub-cloned into the pShuttle-CMV vector, which contained a 
CMV promoter/enhancer element and SV40 polyA (24). The 
resulting pShuttle-CMV-transgene plasmid was linearized 
with PmeI restriction enzyme and homologously recombined 
with the pAdEasyI plasmid, containing most of the Ad5 vec-
tor genome yielding pAd5 transgene expressing replication-
deficient [E1-, E3-] vectors. HEK293 cells were transfected 
with PacI linearized plasmid and viable virus was obtained 
and amplified after several rounds of expanding infection. 
rAd5 viruses were purified using a cesium chloride (CsCl) 
gradient as previously described (25). Direct sequencing 
and restriction enzyme mapping were carried out to confirm 
the integrity of the transgene sequence. All viruses were 
found to be replication-competent adenovirus (RCA)-free by 
both RCA PCR (E1 region amplification) and direct sequenc-
ing methods as previously described (26).

Isolation of human PBMCs
Human PBMCs were isolated from fresh buffy coat material 
(Stanford Blood Center, Palo Alto, CA, USA) with standard 
techniques using either Histopaque 1077 (Sigma, St Louis, 
MO, USA) or Lympholyte H (Cedarlane Diagnostics, Ontario, 
Canada) according to the manufacturer’s protocol. Briefly, 
human buffy coat material was diluted 1:3 (or 1:1) in PBS, lay-
ered onto Histopaque 1077 (or Lympholyte H) and centrifuged 
at room temperature for 30 min at 400 × g. Cells sedimenting 
at the interface were removed and washed (centrifuged for 
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10 min at 200 × g) extensively with PBS to remove remain-
ing platelets. Isolated PBMCs were quantified, diluted and 
cultured (at 3–5 × 106 cells ml−1) in RPMI1640 supplemented 
with either 2 or 5% fetal bovine serum (FBS) and sub-optimal 
concentrations of hIL-2 (5 ng ml−1) and hIL-18 (10 ng ml−1).

Cell staining and flow cytometry
PBMCs were harvested and 5 × 106 cells were initially stained 
with purified mouse anti-human CD16/CD32 Fcγ block, fol-
lowed by PE-Cy7-CD83, FITC-CD86, APC-HLA-DR, APC-Cy7-
CD1a, Alexa Fluor 700-CD14, Pacific blue-CD80, PE-NKp44, 
APC-CD56 and APC-Cy7-CD3 (all at 4 µg ml−1; BD Biosciences, 
San Diego, CA, USA). Cells were incubated on ice with the 
appropriate antibodies for 45 min, washed, sorted for data 
collection using a BD LSR II instrument and analyzed using 
FlowJo software (Tree Star, San Carlos, CA, USA). For detect-
ing intracellular levels of EAT-2 or EAT-2(R31Q), human PBMCs 
were infected with EAT-2- or EAT-2(R31Q)-expressing Ads and 
EAT-2 expression was evaluated at 48 h post-infection by Alexa 
Fluor 488 (Invitrogen)-conjugated EAT-2 antibody (sc-21572; 
Santa Cruz biotechnology, Inc.), as previously described (23).

To identify human immune cells transduced by Ad-mediated 
EAT-2 or GFP gene transduction, human PBMCs (2 × 106) were 
infected with multiplicity of infection (MOI) of 10 000 of Ad5-EAT-2 
or Ad5-GFP for 48 h and were then stained with the following 
antibodies: APC-Cy7-CD14, PE-CD1a, Alexa Fluor 700-CD8a, 
V450-CD4, APC-CD65 and PerCpCy5.5-CD3 (all at 4 µg ml−1; 
BD Biosciences). Human PBMCs were then fixed with 2% for-
maldehyde, permeabilized with saponin and intracellularly 
stained with FITC-labeled EAT-2 antibody and finally subjected 
to flow cytometry. For Ad-GFP transduction, cells were sur-
face stained with the above antibodies and directly subjected 
to flow cytometry. The percentages of Ad-EAT-2 or Ad5-GFP-
transduced cells (FITC+) were calculated using FlowJo software.

Phagocytosis analysis
The phagocytic activity of monocytes was assessed in PBMC 
cultures infected with MOI of 10 000 of rAd5-EAT2 or Ad con-
trols by measuring the amount of uptake of latex beads coated 
with FITC-labeled rabbit IgG into cells using a phagocytosis 
assay kit (Cayman Chemical, Ann Arbor, MI, USA) according 
to the manufacturer’s protocol. Briefly, PBMCs were cultured 
in 12-well plates containing RPMI1640 supplemented with 
2% FBS, penicillin–streptomycin, hIL-2 (5 ng ml−1) and hIL-18 
(10 ng ml−1). Cells were then either mock infected or infected 
with rAd5-EAT2, rAd5-EAT2(R31Q) or rAd5-Null vectors at 
10 000 MOI. Media were changed and cells were treated with 
latex beads at 48 h post-infection and cultured at 37°C. Uptake 
of the beads into cells was evaluated by FACS at 24 h post-
bead application, after which the cells were washed twice with 
FACS buffer and stained with Alexa-700-conjugated CD14 
antibody (6 µg ml−1) for 1 h. Data were collected using a BD 
LSR II flow cytometer and analyzed using FlowJo software.

Cell-based antigen presentation assay (infection and flow 
cytometry staining)
HeLa cells, stably expressing H-2Kb human HLA-B27 (HeLa-
Kb-B27), were described previously (27). HeLa-Kb-B27 cells 

(3 × 105 cells per well in 6-well plates) were infected with 
MOI of 1000 of rAd5-EAT2, rAd5-EAT2(R31Q) or rAd5-GFP 
vectors for 48 h. Surface expression of HLA-B27 in virally 
infected cells was measured by flow cytometry, exactly as 
described (28). Briefly, at 48 h post-transfection, cells were 
incubated with HLA-B27-specific, ME1, or W6/32 (specific 
for intact HLA-B, -A, -C, -E, -G complexes (29)) monoclonal 
antibodies (from murine hybridoma supernatant) for 30 min 
on ice, washed and subsequently stained with secondary 
antibody Cy5-AffiniPure Goat Anti-Mouse IgG from Jackson 
Immunoresearch Laboratories (West Grove, PA, USA) for 
30 min on ice (1:200 dilution). Samples were analyzed on a 
BD LSR II flow cytometer and analyzed using FlowJo software.

Cytokine and chemokine analysis
A human 27-plex multiplex-based assay was used to deter-
mine cytokine/chemokine concentrations in selected spent 
media, collected from human PBMC cultures per the man-
ufacturer’s instructions (Bio-Rad, Hercules, CA, USA) via 
Luminex 100 technology (Luminex, Austin, TX, USA) essen-
tially as previously described (30).

Assessment of PBMC cytotoxicity against K562 
tumor cells
The cytotoxicity activity of treated PBMCs was assessed 
using a flow-based assay, summarized as follows. Seventy-
two hours following rAd5-EAT2 or control Ad infection, human 
PBMCs (effector cells) were harvested and co-cultured for 
an additional 48 h with CFSE-labeled K562 cells (target cells) 
at an effector to target cell (E:T) ratio of 10:1. CFSE labeling 
was performed as previously described (30). After co-culture, 
cells were harvested, washed twice and stained with a viabil-
ity stain (ViViD) exactly as previously described (30). Data 
were collected on a BD LSRII flow cytometer and analyzed 
using FlowJo software. For propidium iodide (PI) staining, 
cells were stained with PI for 2 min prior to data acquisition.

Statistical analysis
Statistically significant differences in cytokine induction, 
ELISA and FACS studies were determined using one-way 
ANOVA with a Student–Newman–Keuls post-hoc test (P value 
< 0.05). Graphs in this paper are presented as mean of the 
average ± SD. GraphPad Prism software was utilized for all 
statistical analysis.

Results

EAT-2 induces pro-inflammatory cytokine and chemokine 
production from human PBMCs via its SH2 domain
We have previously demonstrated that the efficacy of rAd5-
based vaccines is enhanced when expressing the SLAM fam-
ily of receptors adaptor EAT-2 (20, 22, 23, 30). The enhanced 
efficacy of EAT-2-augmented vaccines was correlated with 
increased innate immune responses inclusive of an enhanced 
production of pro-inflammatory cytokines and chemokines in 
various strains of mice (20, 22, 23, 30). It is widely appreci-
ated that rAd5 vectors can transduce human innate immune 
cells (31), so we utilized this vector to test our hypothesis 
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that modulation of EAT-2 functions within human cells could 
significantly impact upon human innate immune responses. 
To first determine an optimal MOI, viral particles per cell, for 
Ad5 vectors in these studies, we analyzed Ad5 vector trans-
duction of human PBMCs by fluorescent microscopy. GFP 
fluorescence was quantified using the ImageJ software (US 
National Institutes of Health, Bethesda, MD, USA). Utilizing 
an Ad5 vector expressing a tracking antigen (GFP), we con-
firmed that Ad5 vectors can efficiently transduce human 
PBMCs (Supplementary Figure  1, available at International 
Immunology Online; data not shown). At both 24 and 48 hpi, 
similar transduction efficiency was observed in cells infected 
with rAd5-GFP at MOI (based on OD260 viral particle enumera-
tion) of 100 00, 25 000 and 50 000 (Supplementary Figure  1, 
available at International Immunology Online); however, the 
cell viability was significantly improved in cells infected at 
an MOI of 10 000, as compared with cells infected at MOIs 
of 25 000 and 50 000 (data not shown). Therefore, an MOI of 
10 000 (based on OD260 particle enumeration) was selected 
for all subsequent studies. Previously published data indi-
cated a high homology between murine and human EAT-2 
proteins (32). It has also been confirmed that human EAT-2 
activates human NK cells via recruitment of phospholipase C 
(PLC)-γ to the phosphorylated tyrosine 127 (Y127) located into 
the C-terminal tail of human and murine EAT-2 (33). Human 
PBMCs infected with murine EAT2-expressing Ad5 vectors or a 
control Ad5 vector, rAd5-Null (no transgene), indeed revealed 
that rAd5-EAT2 infection of these cells induced a more robust 
production of cytokines and chemokines, as compared to 
rAd5-Null-infected cells (Fig.  1). Specifically, EAT-2 over-
expression significantly induced higher levels of IL-1β (~6-fold, 
P < 0.001), IL-6 (~8-fold, P < 0.001), IP-10 (~6-fold, P < 0.001), 
TNFα (~6-fold, P < 0.001), G-CSF (~8-fold, P < 0.001), IL-17 
(~1-fold, P < 0.01), IL-1rα (~1-fold, P < 0.001), MIP-1α (~2-
fold, P < 0.05) and IL-10 (~2-fold, P < 0.001), as compared 
with rAd5-Null-infected cells (Fig. 1). We also observed signifi-
cant (P < 0.001) increases of IFNγ, GM-CSF, MIP-1β and IL-13 
in human PBMCs infected with rAd5-EAT2; however, no sta-
tistically significant differences were observed between rAd5-
EAT2- and the control-infected cells (Supplementary Figure 2, 
available at International Immunology Online). We also con-
firmed the induction of IL-1β by rAd5-EAT2 utilizing a human 
IL-1β ELISA assay. We observed significantly (P  <  0.001) 
increased production of IL-1β in media derived from rAd5-
EAT2-infected cells, as compared with the rAd5-Null-infected 
controls (Supplementary Figure  3, available at International 
Immunology Online).

Several biochemical and mechanistic studies have dem-
onstrated that SAP adaptors, similar to EAT-2, regulate SLAM-
initiated signaling in immune cells via association of their SH2 
domain to the phosphorylated ITSMs of SLAM receptors (34). 
We have recently confirmed that mutating the EAT-2 SH2 
domain abrogates EAT-2-mediated early activation of murine 
innate immune cells and significantly reduces EAT-2-mediated 
enhancement of cellular immune responses during vaccination 
(23). The involvement of the EAT-2 SH2 domain in EAT-2 func-
tions prompted us to investigate a possible general role for this 
domain in EAT-2’s ability to enhance pro-inflammatory cytokine 
and chemokine responses. Indeed, our studies utilizing a 
control vector expressing the EAT-2(R31Q) mutant resulted in 

near complete loss of the activation function of EAT-2 in human 
PBMCs, suggesting a critical role for SH2 domain-mediated 
signaling in EAT-2 regulation of the induction of pro-inflamma-
tory cytokines and chemokines from human PBMCs (Fig. 1).

Similarly, utilization of a different assay, ELISA, for supernatant 
derived from human PBMCs of the rAd-EAT-2(R31Q)-infected 
cells revealed significantly reduced (P < 0.001) production of 
IL-1β, as compared with the respective media derived from 
rAd-EAT-2-infected human PBMCs (Supplementary Figure 3, 
available at International Immunology Online).

Human innate and adaptive immune cell transduction by 
the rAd5-EAT2 vector
To determine what human immune cell types may be trans-
duced by the Ad vectors expressing EAT-2 (and potentially 
be responsible for the enhanced cytokine responses noted in 
Fig. 1), we analyzed Ad vector transduction of several impor-
tant classes of innate immune cells found in the human PBMCs 
by flow cytometry. Utilizing an Ad vector expressing a tracking 
antigen (GFP), we confirmed that under these experimental 
conditions, Ad vectors can transduce CD56+ NK cells (6%), 
CD14+ monocytes (54.6%), CD1a+ DCs (9.33%), as well low 
levels of CD4+ (3.48%) and CD8+ (5.5%) T cells upon infec-
tion of human PBMCs (Fig. 2). Interestingly, we found that the 
highest subset of human immune cells that were transduced 
by rAd5-GFP vectors were the CD14+ monocytes, a subset of 
innate immune cells shown to play a primary role in mediat-
ing pro-inflammatory cytokine and chemokine responses (35, 
36). Additionally, we confirmed that after identical infection of 
human PBMCs with the rAd5-EAT2 vector, EAT-2 expression 
was occurring in same subset of the human immune cells 
(Fig. 3). Consistent with previously published results (17), we 
observed significant expression of EAT-2 in CD56+ human 
NK cells (Fig. 3A). Importantly, our data revealed that levels 
of EAT-2 expression in NK cells were significantly increased 
(from ~59 to 82%) following Ad-mediated expression of 
EAT-2 (Fig.  3A). To confirm that the rAd5-EAT2(R31Q) vec-
tor expresses stable protein levels of EAT-2, we performed 
similar flow cytometry analysis to validate the expression of 
EAT-2 protein following rAd5-EAT2 or rAd5-EAT2(R31Q) infec-
tion. Consistent with our previously published data (23), at 
48 h post-infection (hpi), similar levels of EAT-2 protein were 
detected in both rAd5-EAT2- and rAd5-EAT2(R31Q)-infected 
human immune cells (Fig. 3A–C). We were not able to detect 
significant transduction levels of human CD4+ and CD8+ T 
cells by the rAd5-EAT2 vector (data not shown).

EAT-2 over-expression enhances the cytolytic activity of 
human PBMCs
It is well documented that induction of pro-inflammatory 
cytokine and chemokine responses triggers the activation of 
innate immune cells that play key roles in the regulation of the 
adaptive immune response (37). We have shown previously 
that EAT-2 over-expression enhances activation of murine NK 
cells in vivo (23, 30). Since EAT-2 can bind to all SLAM recep-
tors that have been shown to regulate NK cell cytotoxicity 
(CRACC, NTB-A and 2B4), we wished to investigate if EAT-2 
over-expression enhances human NK cell immune responses. 
Human PBMCs infected with rAd5-EAT2 or control vectors 
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were co-cultured with the acute myelocytic leukemia cell 
line, K562, at an effector to target cell ratio of 1:10 and FACS 
analysis was performed. At 48 hpi, K562 cell viability was 
evaluated by a flow-based cytotoxicity assay using PI stain-
ing, as previously described (38). Interestingly, the cytolytic 
activity of rAd5-EAT2-treated human PBMCs was significantly 
(P  <  0.01) increased, as compared with rAd5-Null-treated 
cells (Fig. 4A and B). In contrast to these improved cytolytic 
responses, we observed significantly (P  <  0.01) reduced 
cytotoxicity when utilizing the control, rAd5-EAT2(R31Q), vec-
tor (Fig. 4A and B). We also observed similar results when the 
K562 killing was evaluated by an alternative method, utilizing 
the viability dye ViViD (Fig. 4C). The expression levels of the 

NK cytotoxicity receptor NKp44 correlated with these results 
as our data revealed that EAT-2 over-expression significantly 
(P < 0.05) enhanced NKp44 expression on human NK cells 
(defined as, CD56+, CD3−), as compared with cells infected 
with the rAd5 controls (Supplementary Figure 4, available at 
International Immunology Online).

EAT-2 over-expression increases the phagocytic activity of 
human monocytes
We next investigated the impact that EAT-2 over-expression 
has on a different cell type of the innate immune system, 
human monocytes, an essential component of the human 

Fig. 1. Production of pro-inflammatory cytokines and chemokines from rAd5-EAT2-infected human PBMCs. Human PBMCs were isolated from 
fresh buffy coat material and were either mock infected or infected with MOI of 10 000 with rAd5-EAT2, rAd5-EAT2(R31Q) or rAd5-Null. Culture 
media were collected at 72 h post Ad infection and were analyzed for cytokine and chemokine levels using a 27-plex multiplexed bead array-
based quantitative system. Samples were plated in quadruplicates. Data are representative of at least three independent experiments from 
three different blood donors with similar results. The bars represent mean ± SD. Statistical analysis was completed using a one way ANOVA 
with a Student–Newman–Keuls post-hoc test. P <0.05 was deemed a statistically significant difference. *P < 0.05, **P < 0.01, ***P < 0.001, 
statistically significant from mock-treated cells.
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innate immune system that are known to participate in patho-
gen recognition and the production of several pro-inflam-
matory cytokines and chemokines (35, 36). The functional 

properties of rAd5-EAT2-infected human monocytes (CD14+ 
cells) were evaluated through use of a fluorescent phagocyto-
sis assay, as previously described (38). Human PBMCs were 

Fig. 2. Transduction of human innate and adaptive immune cells by GFP-expressing rAd5 vector. Human PBMCs were isolated from fresh buffy 
coat material and were either mock infected or infected with MOI of 10 000 with rAd5-GFP. FACS analysis for GFP expression at 48 h following 
rAd5-GFP infection of human NK cells (A), CD4+ and CD8+ T cells (B), CD14+ monocytes and CD1a+ cells (C) is shown. Data were collected 
using a BD LSRII flow cytometer and analyzed using FlowJo software.
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infected with the rAd5-EAT2 or control rAd5 vectors and the 
uptake of FITC-labeled IgG-coated latex beads by these cells 
was evaluated by flow cytometry, serving as an index of cel-
lular phagocytic activity levels. Mock-treated PBMC-derived 
monocytes (CD14+ cells) had moderate phagocytic abilities 

in regard to internalizing FITC-labeled beads (Fig.  5), with 
rAd5 infection significantly (P < 0.01) enhancing the uptake 
by CD14+ human monocytes (Fig. 5). Interestingly, monocytes 
derived from rAd5-EAT2-infected PBMCs have significantly 
(P < 0.05) greater phagocytic activity, as compared with cells 

Fig. 3. Intracellular staining analysis for EAT-2 expression in human immune cells following rAd5-EAT2 infection. Human PBMCs were isolated 
from fresh buffy coat material and were either mock infected or infected with MOI of 10 000 with rAd5-EAT2 or rAd5-EAT2(R31Q). Intracellular 
staining analysis for EAT-2 expression at 48 h following Ad infection of human NK cells (A), CD14+ monocytes (B) and CD1a+ DCs (C) is shown. 
Data were collected using a BD LSRII flow cytometer and analyzed using FlowJo software.
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infected with the rAd5-Null controls (Fig.  5). The enhanced 
phagocytic activity of rAd5-EAT2-infected monocytes trended 
towards reduced levels when the identical experiment was 
performed utilizing the rAd5 expressing the EAT-2(R31Q) 
mutant. However, no statistically significant differences were 
observed under these experimental conditions (Fig. 5), sug-
gesting that EAT-2 might regulate human monocyte phagocy-
tosis in a mechanism that does not require interaction with the 
ITSMs of SLAM receptors.

EAT-2 over-expression enhances human DC activation 
and maturation
The ability of EAT-2 to enhance human DC maturation was 
evaluated. To investigate if EAT-2 over-expression enhances 
human DC (CD1a+, CD14−) maturation, human PBMCs were 
infected with rAd5-EAT2 or rAd5 controls and maturation of 
DCs was evaluated by flow cytometry. Our results revealed 

that Ads, in general, induce minor activation of human DCs, 
as confirmed by the presence of increased percentages 
of CD86-expressing DCs in rAd5 control-infected PBMCs 
(Fig. 6A). Importantly, consistent with our previous in vitro and 
in vivo results in murine systems (21, 23), infecting human 
PBMCs with rAds expressing EAT-2 increased the expres-
sion levels of CD86 (P  <  0.01), HLA-DR (P  <  0.01), CD80 
(P < 0.01) and CD83 (P < 0.05) in human DCs, as compared 
with the rAd5-treated controls (Fig.  6A–D), suggesting that 
triggering signaling of the SLAM family of receptors by EAT-2 
functions to also enhance human DC maturational status.

EAT-2 over-expression enhances antigen presentation by 
MHC class I molecules
Previous reports have shown that activation of innate 
immune receptors, such as TLRs and NLRs, inducec criti-
cal signals regulating antigen presentation functions of 

Fig. 4. EAT-2 over-expression enhances the cytolytic activity of human NK cells. Human PBMCs isolated from fresh buffy coat material were 
either mock infected or infected with MOI of 10 000 with rAd5-EAT2, rAd5-EAT2(R31Q) or rAd5-Null for 72 h and then co-cultured with CFSE-
labeled K562 cells for an additional 48 h at an E:T ratio of 1:10. Viability of K562 cells was assessed by either PI (A and B) or ViViD (C). Data 
are representative of two (A) or three (B) independent experiments from three different blood donors with similar results. Samples were plated 
in quadruplicates. Bars represent mean ± SD. Statistical analysis was completed using a one way ANOVA with a Student–Newman–Keuls post-
hoc test. P <0.05 was deemed a statistically significant difference. *P < 0.05, **P < 0.01, ***P < 0.001, statistically significant from mock-treated 
cells.
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antigen-presenting cells (39, 40). Therefore, we investigated 
if EAT-2 over-expression enhances MHC class  I-mediated 
antigen presentation by human cells. For this, an elegant 
HLA-Kb-B27 antigen-presentation system was utilized, as 
previously described (27). HLA-Kb-B27 cells were infected 
with MOI of 1000 viral particles per cell of rAd5-EAT2 or con-
trol Ads and surface expression of HLA-B27 on the infected 
cells was measured by flow cytometry at 48 hpi. Utilizing ME1, 
an HLA-B27-specific antibody, we found that infection with 
rAd5-EAT2 results in significantly (P < 0.001) enhanced anti-
gen presentation on human cells [as measured by increased 
number of HLA-B27 molecules on the cell surface, mean 
fluorescence intensity (MFI)] as compared with cells infected 
with the rAd5-Null controls (Fig. 7A). We also utilized a differ-
ent antibody, W6/32, that measures the surface expression of 
several HLA types including HLA-A, HLA-B, HLA-C, HLA-E 
and HLA-G. We again observed significantly (P  <  0.01) 
increased surface expression of several HLAs in rAd5-EAT2-
infected human cells, as compared with cells infected with 

the rAd5-Null controls (Fig. 7B). Similar statistically significant 
results were also observed in rAd5-EAT2-infected cells when 
cells were infected with a different amount (MOI of 5000) and 
analyzed at both 24 and 48 hpi (data not shown).

Discussion

Accumulating evidence indicates that the SLAM family of 
receptors and their associated family of adaptors function 
to critically facilitate the regulatory and effector functions of 
both the innate and adaptive arms of the immune system 
(17, 41). The SLAM family of receptors and their associated 
adaptors are known to perform multiple functions in hemat-
opoietic cells, including roles in regulating cellular costimu-
lation, NK- and CD8+ T-cell-mediated cytotoxicity; cytokine 
production from macrophages, DCs and NK cells; adhe-
sion between hematopoietic cells; development of innate T 
lymphocytes; as well as regulating functions of neutrophils 
and macrophages (42). In previous studies, we have shown 

Fig. 5. Monocytes derived from rAd5-EAT2-infected human PBMCs exhibit enhanced phagocytosis capabilities. Human PBMCs were isolated 
from fresh buffy coat material and were either mock infected or infected with MOI of 10 000 with rAd5-EAT2, rAd5-EAT2(R31Q) or rAd5-Null. 
Cells were then incubated with FITC+ latex beads and analyzed by FACS as described in Methods. Data are representative of two independent 
experiments with similar results. Samples were plated in quadruplicates. Bars represent mean ± SD. Statistical analysis was completed using a 
one way ANOVA with a Student–Newman–Keuls post-hoc test. P <0.05 was deemed a statistically significant difference. **P < 0.01, statistically 
significant from mock-treated cells.
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that over-expression of EAT-2, a member of the SAP fam-
ily, significantly alters the function of multiple murine innate 
immune cells including increased production of several pro-
inflammatory cytokines and chemokines, enhanced cytolytic 
activity of NK cells, increased macrophage phagocytosis and 
improved DC maturation (20, 22, 23, 30). When this activity 
was harnessed for use to improve the efficacy of several vac-
cines, we confirmed that vaccines that specifically targeted 
EAT-2 functions had improved efficacy to induce antigen-
specific adaptive [T effector memory (TEM)-based] immune 
responses to a variety of difficult antigens in various strains 
of mice (C57BL/6 and Balb/c) (20, 22, 23, 30). In this study, 
we have now shown that a human vaccine over-expressing 
EAT-2 also significantly alters the function of multiple human 
innate immune cells including increased production of sev-
eral pro-inflammatory cytokines and chemokines, enhanced 
cytolytic activity of NK cells, increased monocyte phagocy-
tosis and improved DC maturation. Our data also revealed 
that EAT-2 over-expression enhances MHC class I molecule-
augmented antigen presentation in human cells as well. It 
is important to note that some of EAT-2-mediated immune 
responses of human PBMCs, for example induction of IL-17, 
activation of monocyte phagocytosis and improvement of NK 
cells cytotoxicity were modestly increased. There could be 

many reasons for this. It is possible that these responses are 
indirectly affected by EAT-2 adaptor over-expression, rather 
being directly responsive to other innate immune cytokines 
induced following EAT-2 over-expression, such as IL-1β, IL-6 
or TNFα. In addition, it is possible that these responses are 
strongly induced, although at a different time points than the 
ones that we tested in our analysis. Together, the data strongly 
support the notion that human disease applications requiring 
vaccines and/or other immunomodulatory therapeutics may 
benefit from harnessing EAT-2 functions in these strategies.

Previous reports have demonstrated that the expres-
sion levels of SAP adaptors, including EAT-2, quickly dimin-
ish during cellular stimulation, such as TCR stimulation (43, 
44). Furthermore, it has been demonstrated recently that 
upon exposure to a TLR4 agonist, human monocytes down-
regulate EAT-2 gene expression (45). It is possible that pro-
longed SLAM signaling occurs by prolonged expression of 
the EAT-2 adaptor in rAd5-EAT2-infected human PBMCs and 
is the reason for the induction of the enhanced innate immune 
responses we observed in the treated human cells.

Previous reports have demonstrated that the function of 
SLAM family members can be either activation or inhibition 
based on the availability of SAP adaptors like EAT-2 (17). 
The activation of the SLAM family of receptors enhances the 

Fig. 6. EAT-2 over-expression enhances human DC maturation. Human PBMCs were isolated from fresh buffy coat material and were either 
mock infected or infected with MOI of 10 000 with rAd5-EAT2 or rAd5-Null. At 72 hpi, cells were stained for surface expression of CD86 (A), 
HLA-DR (B), CD80 (C) and CD83 (D) and FACS analysis was performed. Data are representative of at least three independent experiments 
from three different blood donors with similar results. Samples were plated in quadruplicates. Bars represent mean ± SD. Statistical analysis 
was completed using a one way ANOVA with a Student–Newman–Keuls post-hoc test. P <0.05 was deemed a statistically significant difference. 
*P < 0.05, **P < 0.01, ***P < 0.001, statistically significant from mock-treated cells.
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activation of immune cells that express SAP adaptors, while 
activation of SLAM receptor signaling in cells that do not 
express SAP adaptors, such as in X-linked lymphoprolifera-
tive patients (mutation of SAP adaptor alone) or in genetically 
engineered SAP-deficient mice (EAT-2, ERT or SAP single, 
double or triple knockout mice), results in markedly reduced 
activation of immune cells (46). Possibly, the abundance of 
EAT-2 protein in rAd5-EAT2-infected human immune cells pre-
vents or delays the mechanisms that normally transitions the 
SLAM family of receptors from activating to inhibitory recep-
tors. In addition, previous studies have suggested that down-
stream of the 2B4 receptor in a 129 mouse background, the 
EAT-2 adaptor might function as a negative regulator of murine 
NK cells (47). However, further mechanistic studies utilizing 
C57BL/6 and pure 129 mouse backgrounds confirmed that 
downstream of CRACC and 2B4 receptors, EAT-2 adaptor is a 
positive regulator of NK cells (48, 49). These studies suggest 
that EAT-2 might have a dual function based on the studied 
SLAM receptor and the mouse strains that were utilized.

Induction of pro-inflammatory cytokine and chemokine 
responses and activation of innate immune cells is regulated 
by several PRRs and their downstream signaling pathways 
(50). Recognition of PAMPs, by TLRs for example, results in 
activation of NFκB/AP-1 signaling pathways, leading to pro-
duction of pro-inflammatory cytokines and chemokines (such 
as IL-6, IL-12 and TNFα) that coordinate innate immunity and 
initiate adaptive immune responses to various pathogens 
(51). In addition, TLR-3, 4, 7, 8 and 9 can activate the IRF3 
and/or IRF7 signaling pathways in plasmacytoid DCs during 
viral infection and result in the induction of multiple genes 
involved in innate and adaptive immunity, including type 
I interferons (IFNα and IFNβ) (51). Similarly, the SAP family of 
adaptors harbor specific sequences that allow them to cou-
ple with the SLAM family of receptors to activate biochemi-
cal signaling molecules (17). For example, one SAP adaptor 
has been shown to have a specific sequence within the SH2 
domain, arginine 78 (R78) motif, which associates directly 

with the protein tyrosine kinase FynT (34). This association 
links the SLAM family of receptors to protein tyrosine phos-
phorylation signals that results in PI3K and NFκB activation 
as well as enhanced Akt phosphorylation (52). Similar to SAP, 
EAT-2 has also been shown to transduce positive signals 
downstream of the SLAM family of receptors in human and 
mouse NK cells (48, 53). The activation function of EAT-2 was 
dependent on phosphorylation of tyrosine residues directly 
located in their short carboxy-terminal tails (54). Recent data 
suggest that PLC-γ is recruited to tyrosine 127 in human 
EAT-2 (33). Furthermore, over-expression and binding stud-
ies indicate that EAT-2 directly binds to the catalytic domain of 
the Src family kinases, Fyn, Hck, Lyn, Lck and Fgr (55). This 
suggests that the enhanced production of pro-inflammatory 
cytokines and chemokines and the improved activation of 
innate immune cells in rAd5-EAT2-infected human PBMCs 
might be regulated by these and potentially other innate 
immune signaling pathways responsive to the presence of 
the EAT-2 adaptor protein.

We also demonstrated that EAT-2 over-expression potently 
enhances IL-1β production from human PBMCs. The activa-
tion of the inflammasome, a multicellular complex (56), acti-
vates the proteolytic enzyme caspase-1 that processes IL-1β 
into its mature form (57). So far, four inflammasomes have 
been identified that activate caspase-1 including NLRP1, 
NALP3, NLRC4 and AIM2 (58). Since adenovirus vectors 
have been shown to activate the NALP3 and AIM2 inflam-
masomes (59, 60), it is possible that in rAd5-EAT2-infected 
human cells, augmented signaling downstream of SLAM 
receptors by EAT-2 over-expression functions to amplify 
Ad-mediated inflammasome activation. In addition, it is pos-
sible that EAT-2 directly triggers signaling pathways that acti-
vate the caspase-1-activating inflammasomes. Future studies 
addressing these intriguing hypotheses will be required to 
verify these notions.

Our studies also found that the phagocytic activity of rAd5-
EAT2-infected human monocytes was dramatically enhanced, 

Fig. 7. Increased antigen presentation of HeLa-Kb-B27 in rAd5-EAT2-infected cells. HeLa-Kb-B27 cells were either uninfected or infected with 
MOI of 1000 with rAd5-EAT2, rAd5-EAT2(R31Q) or rAd5-Null. At 24 hpi, cells were harvested and FACS analysis was performed. (A) Surface 
expression (MFI) of intact HLA-B27, measured by staining with ME1 antibody. (B) Surface expression of HLA-B, -A, -C, -E, -G, measured by 
staining with W6/32 antibody. Data are representative of four independent experiments with similar results. Samples were plated in quadrupli-
cates. Bars represent mean ± SD. Statistical analysis was completed using a one way ANOVA with a Student–Newman–Keuls post-hoc test. P 
<0.05 was deemed a statistically significant difference. **P < 0.01, statistically significant from mock-treated cells.
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as compared with cells infected with rAd5 controls. The pro-
cess of phagocytosis is an effective innate immune strategy 
used by the host to prevent and eradicate infections (61). 
Importantly, it has been shown previously that the SLAM family 
member, SLAM (CD150), enhances macrophage phagocytosis 
by functioning as a vital regulator in the innate immune defense 
against Gram-negative bacteria (62). Since the EAT-2 adaptor 
can bind to all members of the SLAM family, it is possible that 
the enhanced phagocytosis by monocytes that we observed in 
rAd5-EAT2-treated human cells is primarily mediated by inter-
actions with this SLAM receptor. Finally, our data also revealed 
enhanced killing of K562 cells by rAd5-EAT2-infected human 
PBMCs. Since signaling mediated by the EAT-2 adaptor has 
been shown to modulate NK cell cytolytic activity levels, it is 
possible that rAd5-EAT2-transduced NK cells function as more 
potent cytolytic cells, suggesting justification for the use of 
rAd5-EAT2 in cancer immunotherapy approaches.

Importantly, a recent human HIV vaccine study utilizing the 
Merck® Ad5 HIV vaccine vectors (MRKAd5/HIV) confirmed 
that EAT-2 was among the innate immune response genes 
that were associated with the enhanced immunogenicity of 
MRKAd5/HIV (63). These data are consistent with our cur-
rent and previously published data (20, 22, 23, 30) and sug-
gest that increased expression of EAT-2 functions to increase 
innate immune responses and orchestrate the downstream 
adaptive immune responses in human immune cells.

In summary, enhanced cellular immune responses to 
vaccine antigens may be achievable in humans following 
methods that alter EAT-2 expression or activity levels. The 
enhancement of beneficial adaptive immune responses 
mediated by EAT-2 over-expression has been shown to be 
regulated by several innate immune mechanisms that involve 
increased production of pro-inflammatory cytokines and 
chemokines, enhanced maturation of DCs, enhanced activa-
tion of monocytes/macrophages, as well as increased acti-
vation and cytotoxicity of NK cells. Our studies suggest that 
modulation of EAT-2 in human cells, for example when used 
in vaccines and/or cancer immunotherapy approaches, may 
result in similar efficacies.
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