
Innate immunity to adenovirus: lessons from mice.

Svetlana Atasheva1, Jia Yao1, Dmitry M. Shayakhmetov1,2,3,*

1Lowance Center for Human Immunology, Departments of Pediatrics and Medicine, Emory 
University School of Medicine, Atlanta, GA 30322, USA

2Emory Children’s Center for Transplantation and Immuno-mediated Disorders, Department of 
Pediatrics, Emory University School of Medicine, Atlanta, GA 30322, USA

3Emory Vaccine Center, Emory University School of Medicine, Atlanta, GA 30322, USA

Abstract

Adenovirus is a highly evolutionary successful pathogen, as it is widely prevalent across the 

animal kingdom, infecting hosts ranging from lizards and frogs to dolphins, birds, and humans. 

Although natural adenovirus infections in humans rarely cause severe pathology, intravenous 

injection of high doses of adenovirus-based vectors triggers rapid activation of the innate immune 

system, leading to cytokine storm syndrome, disseminated intravascular coagulation, 

thrombocytopenia, and hepatotoxicity, which individually or in combination may cause morbidity 

and mortality. Much of the information on exactly how adenovirus activates the innate immune 

system has been gathered from mouse experimental systems. Intravenous administration of 

adenovirus to mice revealed mechanistic insights into cellular and molecular components of the 

innate immunity that detect adenovirus particles, activate pro-inflammatory signaling pathways 

and cytokine production, sequester adenovirus particles from the bloodstream, and eliminate 

adenovirus-infected cells. Collectively, this information greatly improved our understanding of 

mechanisms of activation of innate immunity to adenovirus and may pave the way for designing 

safer adenovirus-based vectors for therapy of genetic and acquired human diseases.
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Introduction

Human adenovirus (HAdv) is remarkably efficient at infecting and replicating in human 

cells. These properties made HAdv-based vectors an attractive platform for developing novel 

therapeutics to combat genetic diseases and cancer. Unfortunately, early studies revealed that 

HAdv is a potent activator of the innate and adaptive arms of the immune system, and 
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administration to animals or patients of high doses of HAdv-based vectors, especially via an 

intravascular route, leads to severe immunopathology, manifested by cytokine storm 

syndrome, disseminated intravascular coagulation, thrombocytopenia, and hepatotoxicity, 

which may lead to morbidity and even mortality. To harness the full potential of HAdv as a 

gene delivery or oncolytic virus platform, a complete understanding of the molecular and 

cellular components of innate immunity is needed to assist in rational design of safe and 

effective HAdv-based therapeutics.

There is no animal model system where HAdv would productively replicate to a level 

observed in susceptible human cells [1]. Nevertheless, numerous animal models faithfully 

recapitulate certain aspects of HAdv-host interactions, including HAdv interactions with 

cells of innate and adaptive immunity. In this regard, studies conducted in mouse 

experimental system with its unparalleled variety of available genetically trackable models 

and molecular tools, greatly improved our understanding of fundamental mechanisms of 

adenovirus (Ad) recognition by humoral and cellular components of innate immunity, which 

mechanistically underlie immune-pathologies observed in clinical trials using HAdv vectors. 

Importantly, many, but certainly not all, insights learned from mouse models on how innate 

immunity recognizes HAdv, have been further confirmed to operate in the human system. In 

this article, we systematically review data obtained upon administering HAdv and HAdv-

based vectors to mice. We summarize our current understanding of humoral and cellular 

factors of the innate immunity that mediate HAdv recognition and how they orchestrate the 

multifaceted systemic inflammatory responses observed upon delivery of high dose HAdv in 

gene-transfer applications. We close by discussing the complexity of designing HAdvs that 

would avoid innate immune recognition through the introduction of structural modifications 

to the virus capsid.

1. Innate immune mechanisms limiting circulation of HAdv in the blood

The large number of studies on HAdv-host interactions in a mouse system were conducted 

by administering high amounts of purified HAdv vectors into the blood stream. Using 

human species C adenovirus type 5 based HAdv-C5 vectors, Alemany et al showed that the 

half-life of virus particles in the blood is less than 2 minutes, with near complete elimination 

of HAdv-C5 from the blood within 30 minutes of virus administration [2]. Such rapid virus 

clearance suggested the existence of highly efficient mechanism(s) of virus removal from the 

blood, and later studies indeed confirmed that multiple mechanisms operate in a redundant 

and synergistic manner to ensure quantitative and rapid removal of HAdv-C5 from the 

bloodstream [3, 4]. Following intravascular administration, humoral factors bind to HAdv-

C5 particles and can mediate virus trapping in tissue-resident macrophages [5, 6] and 

hepatocytes [7] via a “bridge” mechanism [8-10]. Furthermore, virus particles can be 

sequestered in platelets, tissue macrophages, and sinusoidal endothelial cells in liver and 

spleen [3, 11-14] via direct binding to cell surface receptors (Figure 1).

1.1 Humoral factors affecting HAdv bio-distribution after intravenous virus 
injection—Upon intravascular administration, HAdv particles are immediately exposed to 

humoral components of the blood. An extensive search for the mechanisms mediating the 

hepatic tropism of HAdv-C5 revealed that GLA-domain-containing blood coagulation 
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factors bind to the major virus capsid protein hexon and that coagulation factors can mediate 

virus entry into hepatocytes independent of the canonical virus cell attachment receptors, 

which interact with the fiber knob domain [7-9, 15]. It was established that although several 

blood coagulation factors (F), including FVII [16], FIX [7], and FX [8, 9], can bind to 

HAdv-C5 hexon, coagulation FX binds HAdv-C5 hexon with the highest, near picomolar, 

affinity [8, 9]. Analysis of stoichiometry of FX binding to HAdv-C5 showed that a single 

virus particle can bind 240 FX molecules, indicating that the entire HAdv-C5 virus capsid, 

which is composed of 240 hexon trimer capsomers [17], is covered by FX after intravenous 

virus administration [8, 18]. Additionally, FX can bind to species C HAdv-C2 and human 

adenoviruses of other species, including species B HAdv-B16, HAdv-B35, HAdv-B21, 

HAdv-B50, and species F HAdv-F41, albeit with a much lower affinity [8, 9]. Recently, Tian 

et al. demonstrated that the most abundant Gla domain-containing plasma protein, 

prothrombin (FII), is able to bind to species C HAdv-C1, HAdv-C2, HAdv-C6, and HAdv-

C57 with higher affinity than FX [19], thus potentially pointing to a high significance of 

HAdv interactions with blood coagulation factors for certain step(s) in the virus life cycle. 

Indeed, HAdv-C5 mutants unable to bind coagulation FX were shown to be inactivated in 

fresh mouse and human serum via a natural IgM- and complement-dependent mechanism 

(reviewed in detail in this issue by Byrnes et al). Because natural IgMs are one of the most 

abundant plasma proteins, the binding of IgM and coagulation FX to HAdv-C5 appear to be 

competing processes, since low amounts of IgM were still found to associate with HAdv-C5 

virions (as demonstrated by mass spectrometry of HAdv-C5 virions incubated with mouse 

serum) even in the presence of coagulation FX [20]. Although coagulation FX and natural 

IgMs are the principal blood factors that bind to HAdv in the blood after intravenous virus 

administration to non-immune hosts, these factors do not protect the virus from 

neutralization by HAdv-specific neutralizing antibodies in HAdv-C5 immune hosts. Indeed, 

liver-directed gene transfer was abrogated upon administering HAdv vector, based on the 

same serotype that was used for immunization of animals prior to analyzing liver-directed 

gene delivery [21-23]. Intravenous administration of HAdv to hosts with virus-specific 

immunity leads to the formation of HAdv-antibody immune complexes that are sequestered 

by FcR-positive cells including dendritic cells (DCs), neutrophils [24], tissue-resident 

macrophages. Therefore, although HAdv binding to Gla-domain-containing factors appears 

to benefit the virus by protecting it from attack by complement and facilitating productive 

infection of virus-susceptible cells (e.g. hepatocytes), the binding of natural IgMs and virus-

specific IgGs to the virus surface triggers its neutralization by complement [25, 26] and 

targets HAdv-antibody (Ab) complexes for intracellular degradation in circulating and 

tissue-resident immune cells. It has been found that in mouse and human systems HAdv-Ab 

complexes are recognized in the cytosol by cytosolic protein tripartite motif containing-21 

(TRIM21), which binds to the Fc portion of the Ab and targets HAdv-Ab complexes for 

proteosomal degradation [27, 28]. Apart from inducing the degradation of the HAdv capsids 

in the cytosol, TRIM21 activates TBK1, TAB/TAK, and NEMO protein kinases, which 

initiate innate immune activation through NF-kB, AP-1, and IRF3, IRF5, and IRF7 

transcription factors [29, 30]. It should be noted, however, that the TRIM21-dependent 

mechanism of intracellular degradation of HAdv-Ab complexes does not operate in all cell 

types. Indeed, HAdv mutants unable to bind to coagulation FX could still transduce 

hepatocytes with very high efficiency after intravenous administration into complement 
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C1q- or C4-deficient mice [25], which have normal levels of circulating natural IgMs that 

form HAdv-Ab immune complexes after intravenous virus administration. An in-depth 

review of TRIM21-dependent neutralization of HAdv-Ab complexes in the cytosol was 

recently published elsewhere [31].

1.2 Mechanisms of HAdv sequestration in tissue macrophages—Tissue-

resident macrophages, most notably Kupffer cells in the liver and CD169-positive and 

macrophage receptor with collagenous structure (MARCO)-positive macrophages in the 

marginal zone of the spleen sequester large quantities of HAdv particles after intravenous 

virus administration [32-37]. HAdv interactions with macrophage receptors that mediate this 

process remain insufficiently understood. It was clear very early on that the canonical 

receptors mediating virus entry via a fiber-dependent virus attachment to the coxsackievirus 

and adenovirus receptor (CAR) [38, 39] or to CD46 [40], both of which are on the cell 

surface, do not mediate sequestration of HAdv in tissue macrophages after intravenous virus 

administration, as mouse macrophages do not express CD46 and are yet still able to trap 

CD46-binding vectors and HAdv-C5-based vectors that do not bind to CAR [3, 34].

Because HAdv particles of most serotypes have a net negative charge, it was proposed that 

scavenger receptors expressed on tissue-resident microphages may play a role in mediating 

sequestration of HAdv from the blood by directly binding to the negatively-charged hexon 

hypervariable loops, located at the surface of the virion. Indeed, administration to mice of 

poly-inosinic acid, poly-(I), prior to the intravenous injection of HAdv-C5 significantly 

reduced virus accumulation in Kupffer cells and simultaneously greatly increased virus-

mediated gene transfer into hepatocytes [41, 42]. Because poly-(I) is a ligand for a major 

macrophage scavenger receptor-A (SR-A), it was proposed that HAdv-C5 can bind directly 

to SR-A, leading to virus clearance from the blood [5, 41, 43, 44]. Using the increase in 

liver-directed gene transfer as an indirect readout of disruption of HAdv-Kupffer cell 

interactions, it was also demonstrated that targeted shielding of HAdv-C5 virion surface by 

attaching small molecular weight polyethylene glycol to hexon hypervariable loops (HVRs) 

(HVR1, HVR2, HVR5, or HVR7) is sufficient to increase virus-mediated hepatocyte 

transduction after intravenous virus administration [45]. Based on this data, the authors 

proposed that HVRs in the HAdv-C5 hexon may be responsible for virus interaction with 

Kupffer cells. The same group reported that intravenous administration of HAdv-C6 or 

HAdv-C5-based vector with all hexon HVRs mutated for those of HAdv-C6 (Ad5/6GL) 

resulted in a highly efficient hepatocyte transduction. Transduction was not further improved 

by pre-dosing of mice with HAdv-C5 administration (which effectively depletes Kupffer 

cells), suggesting that HAdv-C6 and Ad5/6GL viruses completely escaped being 

sequestered in Kupffer cells after intravenous administration[46]. Using the approach of 

targeted shielding of hexon HVR loops with polyethylene glycol, Krutzke et al. 

demonstrated that modification of hexon HVR1 loop in HAdv-C5 is sufficient to prevent 

virus interaction with natural antibodies and complement, leading to an increase in 

hepatocyte transduction [47].

Although the idea of direct hexon binding to macrophage receptors seems compelling based 

on the canonical understanding of HAdv cell entry via receptor-mediated attachment and 

endocytosis [48], several lines of evidence suggest that the interaction of HAdv with Kupffer 
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cells in vivo is unlikely to be direct. First, mouse macrophages are notoriously resistant to 

direct HAdv-C5 infection in vitro and asanguineous liver perfusion with HAdv-C5 does not 

lead to virus accumulation in Kupffer cells [7]. In contrast, when liver was perfused with the 

virus in the presence of coagulation FX, Kupffer cells readily sequestered HAdv-C5 

particles from the buffer [7]. Second, although SR-A was suggested to be the principal 

receptor on Kupffer cells that mediates HAdv elimination from the blood, Kupffer cells in 

SR-A-deficient mice sequester HAdv at a level comparable to that of wild-type mice [3]. 

Furthermore, pre-treatment of mice with poly-(I) increases the efficacy of liver-directed gene 

transfer in both SR-A−/− and SR-A+/+ mice [43]. Third, it has been shown that Kupffer cells 

express complement receptor CRIg, and HAdv-C5 sequestration in these liver macrophages 

can be mediated by CRIg in a complement-dependent manner [49]. Finally, it was shown 

that Kupffer cells in Rag−/− mice, lacking natural IgMs and other classes of antibodies, have 

a reduced capacity to sequester HAdv from the blood, compared to wild-type mice [5, 6]. 

Taken together, these data suggest that at least with regard to HAdv-C5, the virus surface is 

rapidly covered by FX and/or natural IgM and complement after intravenous administration, 

and therefore, the interaction of the HAdv-C5-blood factor complexes with Kupffer cell 

receptors occurs for the most part indirectly. Although it is clear that HAdv hexon HVRs are 

the principal sites on the virus surface responsible for interactions with blood factors, 

forming a “bridge” between the virus and the receptors on Kupffer cells, the identity of the 

receptors mediating these interactions remains to be determined.

The spleen is the second major organ where tissue-resident macrophages sequester large 

quantities of HAdv from the blood. However, the mechanisms that mediate HAdv 

sequestration in the spleen have not been investigated in detail. This is somewhat surprising, 

as several unique populations of macrophages and dendritic cells reside in the splenic 

marginal zone, and virus interaction with these cells plays a key role in activating deleterious 

systemic inflammatory responses that limit the clinical utility of HAdv-based vectors 

(discussed below). Analysis of mouse spleen sections at 30 minutes after intravenous 

administration of HAdv-C5 and staining with antibodies specific for the virus and defined 

macrophage markers revealed that, shortly after intravenous delivery, HAdv particles 

predominantly accumulate in two distinct populations of macrophages in the splenic 

marginal zone, with one population expressing CD169 (MOMA-2) and the other 

macrophage scavenger receptor MARCO (SR-A6; [37]). It is unclear whether HAdv-C5 is 

sequestered in these cells through the mechanism of a direct virus binding to macrophage 

cell-surface receptors or via an indirect “bridging” by the blood factors. However, it appears 

that when HAdv interaction with hepatic cells is reduced via pharmacological conditioning 

or through ablation of interactions with blood factors by introducing mutations to the virus 

capsid [12, 50], the accumulation of HAdv in the spleen is significantly increased [50]. One 

explanation might be that, in the absence of FX binding, the virus surface is rapidly covered 

by C3b and C4b complement components as a consequence of IgM-mediated complement 

activation [25]. Accumulation of HAdv in splenic marginal zone macrophages would then 

occur through interaction of C3b complement-opsonized virus with complement receptors 

on CD169 and MARCO-positive cells. Another mechanism that could mediate HAdv 

sequestration in splenic marginal zone macrophages may rely on direct binding of HAdv to 

scavenger receptor MARCO. Recent studies by Maler et al. demonstrated that mouse 
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alveolar macrophages are readily transduced in vitro by HAdv-C5 via interaction with 

MARCO [51]. It has also been shown that deletion of the hexon HVR1 loop in HAdv-C5 

was sufficient to abrogate virus binding and transduction of alveolar macrophages, and that 

MARCO can mediate entry into macrophages for adenovirus of species B and D (HAdv-

B35 and HAdv-D26, respectively) [52]. Therefore, in the context of intravenous 

administration of high doses of coagulation FX-binding ablated viruses, upon passing 

through the splenic marginal zone, the virus particles can directly bind to scavenger receptor 

MARCO on the surface of macrophages. As is the case with HAdv sequestration in Kupffer 

cells, it is highly likely that several redundant mechanisms operate in splenic marginal zone 

macrophages to ensure rapid removal of HAdv from the blood. These mechanisms are also 

likely to play an essential role in limiting disseminated HAdv infection in susceptible hosts.

1.3 Mechanisms of HAdv sequestration in sinusoidal endothelial cells—
Although Kupffer cells and hepatocytes are the principal cell types sequestering adenovirus 

particles in the liver, several lines of evidence suggest that the liver sinusoidal endothelial 

cells (LSEC) can also sequester HAdv and thus contribute to its clearance from the blood. 

The scavenger receptor expressed on endothelial cells, SREC-1, can mediate uptake of the 

HAdv-C5-based vector into endothelial cells in vivo [43]. Importantly, after intravenous 

administration, virus particles co-localized with SREC-1 on LSEC and Kupffer cells and 

pre-treatment of mice with anti-SREC-1 antibody prior to intravenous virus administration 

significantly increased liver-directed gene transfer, indicating that virus sequestration via 

SREC-1 limits disseminated virus infection [43]. The interaction of HAdv with LSEC in 
vivo becomes particularly apparent in mice, when Kupffer cells were inactivated or depleted 

by pharmacologic conditioning. Using fluorescent microscopy, it was shown that 1 hour 

after intravenous administration HAdv-C5 virus particles readily co-localized with LSEC in 

Kupffer cell-depleted mice [11]. However, co-localization of the virus with endothelial cells 

was significantly reduced for AdL.PB*, a vector with a deletion of the RGD amino acids in 

the penton base protein of the virus [11]. Upon analysis of factors that lead to HAdv-C5 

sequestration in the liver after intravenous virus administration, Di Paolo et al. found that 

when Kupffer cell-depleted mice were further pre-treated with warfarin, which inactivates 

blood coagulation factors, large quantities of HAdv-C5 virus particles were trapped in liver 

sinusoids [3]. However, when mice without Kupffer cells and functional blood coagulation 

factors were administered HAdv-C5-based vector lacking the RGD amino acid motif in the 

penton base (Ad5ΔRGD), virus co-localization with liver sinusoids was no longer observed. 

Importantly, in this setting the total amount of virus trapped in the liver after intravenous 

administration was significantly lower for Ad5ΔRGD virus compared to the unmodified 

HAdv-C5 [3]. Further, HAdv5 interaction with endothelial cells is mediated by β3 integrins, 

as virus sequestration in the liver tissue of the warfarin-pre-treated and Kupffer cell-depleted 

mice lacking β3 integrins, Itgb3−/−, was significantly lower than in wild-type mice after the 

same conditioning [3]. Taken together, these data indicate that LSEC become the principal 

compartment sequestering HAdv from the blood under conditions when virus avoids 

trapping in Kupffer cells and hepatocytes, and that the HAdv penton RGD amino acid 

binding to β3 integrins plays a major role in mediating virus interaction with LSECs.

Atasheva et al. Page 6

FEBS Lett. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.4 Mechanisms of HAdv infection of hepatocytes—The highly efficient infection 

of hepatocytes observed after the intravenous administration of HAdv-C5 was the main 

rationale for the early development of HAdv-C5-based vectors for numerous gene therapy 

applications, as liver-directed gene transfer was expected to provide clinical benefits through 

the expression of a “correct” version of a protein in individuals with monogenic genetic 

diseases. However, the extreme propensity of HAdv-C5 for transduction of hepatocytes 

represents a major problem if the expression of a therapeutic gene is required in extrahepatic 

cells. Upon discovery of CAR as the principal cell surface attachment receptor for HAdv-C5 

[38, 39], attempts have been made to reduce HAdv-C5 hepatocyte infection via introduction 

of mutations into the knob domain of the fiber to ablate virus interaction with CAR. These 

attempts were unsuccessful as after intravenous administration, the CAR-binding-ablated 

viruses transduced hepatocytes with efficacy similar to that of the unmodified WT viruses 

[7, 53]. Furthermore, HAdv-C5-based vectors ablated for interactions with both the CAR 

and cellular integrins retained their capacity to efficiently transduce hepatocytes after 

intravenous administration [54, 55]. Using a set of HAdv-C5-based vectors ablated for fiber-

mediated receptor interactions in mice, it was found that blood coagulation factors, namely 

FVII, FIX, and FX can support efficient infection of virus-resistant cells and hepatocytes in 
vitro or upon isolated liver perfusion ex vivo [7, 15, 16]. Further, pharmacological 

inactivation of all coagulation factors with warfarin or inactivation of coagulation FX alone 

is sufficient to greatly reduce liver-directed gene transfer after intravenous administration of 

HAdv-C5 in mice [15]. The analysis of coagulation factor-mediated virus infection showed 

that the heparan sulfate proteoglycans (HSPGs) and LDL receptor related protein (LRP) can 

both serve as functional receptors to mediate cell entry of coagulation factor-HAdv-C5 

complexes in vitro [7]. It was also demonstrated that FX and other coagulation factors bind 

hexon protein with high affinity, corroborating observation that the virus infection of 

hepatocytes in vivo is a highly efficient process [8, 9]. Although coagulation factors can 

form a “bridge” with cellular receptors and support CAR-independent HAdv-C5 cell entry 

in vitro, the role of FX-dependent entry into hepatocytes in vivo had been re-evaluated based 

on the discovery that in mice lacking natural IgM antibodies or complement components 

C1q or C4, the FX-binding-ablated HAdv-C5-based vectors were still able to transduce 

hepatocytes with high efficacy after intravenous administration [25]. Based on this finding, it 

was suggested that coagulation FX binding to HAdv-C5 is important for protection of the 

virus from a complement-mediated inactivation and is not important for hepatocyte 

transduction in vivo [25]. It was also shown that in mice genetically deficient for the 

expression of HSPGs on hepatocytes, the liver-directed gene transfer with HAdv-C5-based 

vector was similar to that observed in the WT mice [56]. Although coagulation FX does 

certainly protect HAdv-C5 from inactivation by the complement [25], a role of coagulation 

FX in mediating adenovirus entry in hepatocytes cannot be completely ruled out. 

Specifically, the efficacy of liver-directed gene transfer after intravenous injection is 

consistently higher for FX-binding WT HAdv-C5-based vectors, compared to virus mutants 

unable to bind FX, when it tested in Rag2−/− [20], Rag1−/−, JHD−/−, C1qa−/−, and C4b−/− 

mice [25]. These data indicate that when complement-mediated virus inactivation 

mechanisms are dysfunctional, the HAdv-C5 that is able to bind FX transduces hepatocytes 

in vivo with higher efficacy than viruses ablated for FX binding. Another finding that 

highlights the complexity of mechanisms of HAdv-C5 entry into hepatocytes in vivo relates 
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to a discrepancy in the efficacy of in vivo hepatocyte transduction by HAdv-C5-based 

vectors with long and short fibers, Ad5/35L and Ad5/35S [34]. Although both of these 

vectors bind coagulation FX and lack the capacity for a fiber-mediated cell entry due to the 

lack of CD46 expression in mice [40], Ad5/35L transduces hepatocytes with very high 

efficacy, while Ad5/35S is poor at transducing hepatocytes after intravenous administration 

[34]. Moreover, whereas hepatocytes purified from mouse livers 30 minutes after 

administration of Ad5/35L contained high amounts of virus DNA, hepatocytes purified after 

intravenous injection of Ad5/35S contained low to no amounts of viral DNA, despite equal 

amounts of virus genomes for both viruses present in total liver tissue [34]. These data 

suggest that even under the condition of equal cell entry via FX or other mechanisms, 

transduction of hepatocytes occurs more efficiently for a virus that can rapidly escape the 

endosomal compartment (Ad5/35L), compared to a virus which is retained in the endosomes 

due to a less efficient release of the fiber (Ad5/35S), and thus is promptly returned into the 

extracellular space through a recycling endosome transport pathway [57]. Indeed, Ad5/35S 

was found to accumulate in the perisinusoidal Disse space, the anatomical compartment 

between sinusoid endothelial cells and hepatocytes, and the liver-associated Ad5/35S virus 

was largely degraded within 24 hours after virus administration, while Ad5/35L persisted in 

hepatocytes for a prolonged period of time [34].

As is the case with mechanisms of virus sequestration in tissue macrophages and endothelial 

cells, the mechanisms of HAdv sequestration in hepatocytes may operate in a functionally 

redundant manner, therefore, identification of “the mechanism” of virus entry into hepatic 

cells in vivo may prove to be challenging. It is plausible that for the naturally occurring 

HAdvs from other species, which do not bind coagulation FX and are resistant to 

complement-mediated inactivation, entry into hepatocytes can still be mediated by a cognate 

fiber knob receptor and/or cellular integrins expressed on hepatocytes. It is also plausible 

that due to its anatomical features of fenestrated vascular endothelium and the existence of a 

subsinusoidal Disse space, some quantities of HAdv will always be trapped and degraded in 

the liver tissue or even within hepatocytes without measurable physiological sequelae, thus 

representing default pathways of pathogen elimination from the blood.

2. HAdv infection triggers a multifaceted acute inflammatory response.

Natural respiratory infections caused by several species B HAdv serotypes in 

immunocompetent hosts and disseminated infections caused by species C adenoviruses in 

immunocompromised hosts are known to trigger severe acute inflammatory responses, 

which are manifest in part by high blood levels of inflammatory cytokines and chemokines, 

namely IL-1, IL-6, TNF-α, IFN-α/β, IFN-γ, and IL-8 (ref). Mouse models have been 

instrumental in deconvoluting the complexity of HAdv recognition by the innate immune 

system, and based on the accumulated data, it appears that cells of both the innate and 

adaptive immune systems, as well as the epithelial and endothelial cells in tissues contribute 

to activating systemic inflammation in response to HAdv infection in vivo. Although this 

response limits virus dissemination and prompts elimination of the virus-infected cells from 

the body, exacerbated virus-induced inflammation is associated with severe 

immunopathology and collateral damage to the healthy tissues that may lead to multi-organ 

dysfunction and even death [58, 59]. The acute systemic inflammation that ensues upon 
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delivery of high amounts of HAdv-based vectors in vivo is the key factor limiting their 

clinical utility in human gene therapy applications and as cancer therapeutics.

2.1 Innate immune signaling pathways activated upon HAdv entry into host 
cells—Tissue-resident macrophages are the first line of defense against invading pathogens 

and, as discussed above, they are highly potent at sequestering HAdv upon both intra-

tracheal and intravenous virus administration [32, 33, 60, 61]. Kupffer cells in the liver and 

CD169+ and MARCO+ macrophages in the marginal zone of the spleen activate 

transcription of pro-inflammatory cytokine IL-1α within 10 minutes post intravenous 

administration of HAdv-C5 [37]. Transcriptional IL-1α activation is followed by its 

synthesis and functional activation, which triggered IL-1RI-dependent production of pro-

inflammatory cytokines, including IL-6 and TNF-α, and chemokines CCL2, CXCL1, and 

CXCL2 within 30 minutes after intravenous virus injection [37]. Such a rapid response to 

HAdv in these cells in vivo indicates that the very early steps of virus infection, e.g. virus 

attachment to the cell surface receptor(s) and/or its internalization into the cell, trigger 

activation of sensors of the innate immune system, which recognize the virus and alert 

surrounding cells of the ongoing viral infection. Indeed, when a mutant HAdv-C5-based 

vector, unable to interact with cellular integrins, was injected intravenously into mice, 

activation of IL-1α-IL-1RI-dependent signaling cascade did not occur [37]. Further, the 

virus penton RGD amino acid-dependent interaction with macrophage β3 integrins is 

required for the induction of IL-1α-dependent inflammatory signaling [37] and 

pharmacological inhibition of HAdv-C5 interaction with β3 integrins was sufficient to 

reduce HAdv-mediated systemic toxicity [62]. The virus penton RGD-dependent interaction 

with cellular integrins is critical for activation of endothelial cells as the expression of E-

selectin and VCAM-1 in the liver was significantly lower after intravenous administration of 

RGD-deleted vector AdL.PB*, compared to unmodified control virus [11]. Another insight 

into the mechanisms of HAdv sensing by the innate immune system was obtained upon 

analyzing the innate immune signaling activation in response to adenovirus mutant, ts1, 

which is unable to escape endosomal compartments due to a single point mutation in viral 

protease pVI [63]. Compared to its proper control virus of serotype HAdv-C2, intravenous 

administration of ts1 resulted in a significantly lower systemic inflammatory response, and 

although transcriptional IL-1α activation was still detectable in the spleen 30 minutes after 

intravenous virus administration, IL-1α was not functionally matured to initiate IL-1RI 

signaling and subsequent activation of the entire IL-1RI-dependent pro-inflammatory 

cytokine and chemokine cascade was muted [37]. These data provide clear evidence that 

recognition of HAdv by the innate immunity can also occur either at the endosome escape 

stage of virus infection (via detection of endosome rupture), or upon virus DNA exposure to 

the cytosolic sensors, which trigger functional maturation of IL-1α and the subsequent 

activation of IL-1RI-dependent inflammatory cytokines and chemokines. Although the 

identity of endosome rupture sensor(s) in macrophages remains elusive, several candidates 

were proposed to serve as HAdv sensors in the cytosol. One of the best characterized 

signaling pathways implicated in the cytosolic sensing of HAdv is initiated by the cyclic 

guanine adenine synthase (cGAS) which is activated upon binding to double-stranded DNA 

in the cytosol [64]. It is proposed that when HAdv escapes from the endosomes and reaches 

the cytosol, virus genomic DNA becomes exposed to cytosolic cGAS, which catalyzes 

Atasheva et al. Page 9

FEBS Lett. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synthesis of 2'3'-cGAMP second messenger molecules. In its turn, 2'3'-cGAMP activates 

STING - leading to IRF3-dependent production of type I IFN [64, 65]. Upon intravenous 

administration of HAdv-C5 to mice deficient in either STING (Tmem173−/−) or cGAS 

(Cgas−/−), the amounts of IFN-β and several inflammatory cytokines and chemokines in the 

liver were significantly lower compared to the wild-type mice, when analyzed 5 hours after 

the intravenous virus administration [66]. Using mouse bone marrow-derived macrophages 

and an in vitro HAdv infection system, it was further shown that the cytosolic 

phosphokinase S6K1 was critical for activating IFN-I production in response to HAdv 

infection by facilitating formation of a complex between STING and TBK1, the principal 

kinase activating IRF3 through the phosphorylation of serine residues in its C-terminal 

activation domain [67]. The critical role of TBK-1 in mediating IFN-I production was 

confirmed by administering HAdv5 into Tbk1−/−Tnf−/− mice [68]. Using this model, it was 

determined that the transcriptional activation of IFN-α and IFN-β in the spleen 3 hours after 

intravenous virus administration was completely eliminated in the absence of TBK1, while 

IFN-I production in the liver was found to be TBK-1-independent [68]. Although HAdv can 

activate cGAS-dependent IFN-I production, it remains unclear which cells in vivo respond 

to HAdv infection via a cGAS-dependent mechanism. It was demonstrated that the earliest 

time points, when the elevation in serum concentrations of IFN-I is detected, fall between 4 

hours and 6 hours after intravenous HAdv administration [18, 69]. A very recent report by 

Wang et al demonstrated that HAdv genomic DNA can be sensed in the nuclei of infected 

cells by heterogeneous nuclear riboprotein A2B1, hnRNPA2B1. The authors provided 

evidence that upon binding to viral genomic DNA in the nucleus, hnRNPA2B1 forms a 

homodimer, which is de-methylated by JMJD6 methyl-transferase, leading to translocation 

of hnRNPA2B1 into the cytosole, where it activates TBK1. Activation of TBK1 leads to 

IRF3 phosphorylation, translocation into the nucleus and activation of IFN-I transcription 

[70]. Thus, transcriptional IFN-I activation occurs upon HAdv DNA recognition by the 

innate immune sensors both in the cytosol and in the nucleus.

It was also suggested that the cytosolic sensors of the nucleotide-binding and 

oligomerization domain (NOD) family receptor, NOD2, and a NOD-like (NLR) family 

receptor NLRP3 contribute to the detection of HAdv in the cytosol [71, 72]. Suzuki at al. has 

shown that the intravenous administration of HAdv-C5-based vector triggered reduced levels 

of activation of the inflammatory cytokines IL-6, TNF-a, IL-12p40 and chemokines CCL2 

and CCL5 in the livers of Nod2−/− mice, compared to control wild-type mice, when 

analyzed 6 hours after the intravenous virus administration [71]. Muruve et al has 

demonstrated that 6 hours after intravenous administration of HAdv5-based vector, the 

amounts of inflammatory cytokines IL-1β and IL-6 and chemokines CCL2, CCL4, and 

CXCL10 were significantly lower in the spleens of Nlrp3−/− mice compared to WT mice 

[72]. In both of these studies, the cell types in vivo in which the NOD2- and NLRP3-

dependent sensing of the cytosolic HAdv may have occurred was not established. 

Importantly, the mechanistic implications of specific receptors of innate immunity in HAdv 

recognition based on the data obtained at later time points (likely beyond 1 hour after virus 

administration) is likely to be confounded by the feed-forward inflammatory signaling 

amplification loops, as these same receptors recognize a wide variety of host “self” ligands 

[73], which may be released by the virus-infected cells very shortly after the intravenous 
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virus administration. Collectively, these data indicate that the initial phase of HAdv entry 

recognition and activation of IL-1α -IL-1RI-dependent pro-inflammatory signaling cascade 

is followed by a phase of cytosolic and nuclear detection of HAdv, activating IFN-I 

production and continued release of inflammatory cytokines and chemokines. Together these 

pathways initiate the clearance of the virus-infected cells, establish global antiviral state, and 

contribute to activation of cells of adaptive immunity to mount protective humoral and 

cellular antiviral responses.

2.2 The role of Toll-like receptors in activating innate immune responses to 
HAdv infection.—The innate immune system is endowed with a large array of 

extracellular and intracellular receptors. Among these, the Toll-like receptors (TLRs) and 

NOD-like receptors (NLRs) form the sensory arm of the innate immunity enabling host 

recognition of and discrimination between “self” moieties and the invading pathogens [73, 

74]. The role of TLRs in sensing HAdv infection has been extensively studied in mice 

deficient in various TLRs and their downstream signaling adaptor MyD88 (which transduces 

the activating signals downstream of all TLRs except for TLR3), and TRIF (which 

transduces activating signals downstream of TLR3 and TLR4) [75, 76]. Upon engagement 

with cognate ligands within TLR signaling complexes, the TLR-dependent signaling 

ultimately leads to activation of pro-inflammatory cytokine and chemokine production via 

NF-κB and MAPK signaling pathways, and the role of these pathways in activation of early 

innate immune and inflammatory responses to HAdv in vivo is well established. HAdv-C5-

based vector was found to trigger a reduced production of IL-6, IL-12p40, and CCL2 in 

Tlr2−/− and Myd88−/− mice compared to the wild-type mice, when the concentration of 

cytokines in the blood was measured 6 hours after intravenous virus administration [77]. In 

another study, intravenous administration of HAdv-C5-based vector into Tlr2−/− and 

Myd88−/− mice activated NF-κB and ERK1/2 in the liver in a significantly delayed manner 

with Myd88−/− mice exhibiting greater phenotype than TLR2-defieint mice [78]. In this 

study, the elevated levels of IL-6 in plasma at 1 hour and 6 hours after intravenous virus 

administration was dependent on MyD88 but not on TLR2. It is noteworthy, that MyD88 is 

also the principal signaling adaptor for IL-1RI [79], and thus the more attenuated induction 

of inflammatory response to HAdv observed in Myd88−/− is likely due to a defect in both 

TLR2 and IL-1RI signaling [78]. The mechanistic role of MAPK signaling cascade in 

activation of inflammatory cytokine production was confirmed by treating mice with 

chemical inhibitors of ERK and p38 MAPK kinases prior to administration of HAdv-C2 or 

ts1 mutant viruses [80]. As early as 30 minutes after intravenous injection of HAdv2, ERK 

and p38 MAPK were phosphorylated in the liver [80]. Pre-treatment of mice with the MEK 

inhibitor PD0325901 (ERK pathway) reduced levels of TNF-α and CXCL2, but 

significantly increased levels of IL-6, CXCL10, IL-12p70, and IFN-γ in the blood 6 hours 

after the intravenous virus administration. Pre-treatment of mice with p38 MAPK inhibitor 

SB239063 reduced blood levels of IL-1β, IL-10, IFN-γ and CXCL10 after intravenous virus 

administration, providing direct evidence of the mechanistic link between activation of 

MAPK signaling cascade and the production of key pro-inflammatory cytokines after 

intravenous virus administration. Intravenous administration of ts1 mutant virus did not lead 

to activation of ERK and p38 in the liver, providing support for the notion that the endosome 

rupture step of HAdv infection is sensed by the innate immune system and is required for 
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activation of a full-scale systemic inflammatory response [80]. The critical role of TLRs and 

MyD88 in triggering local inflammatory response to HAdv was demonstrated in the mouse 

model of keratitis upon infection of mice with HAdv37 [81]. In this study, mice deficient in 

MyD88 had significantly lower corneal inflammation after HAdv37 infection, which was 

also significantly lower in Tlr2−/−Tlr9−/− double-deficient mice, but not in mice individually 

deficient in TLR2, TLR9, or IL-1RI expression [81].

As we discussed above, intravenous administration of HAdv-C5 leads to its rapid interaction 

with blood coagulation FX and natural IgMs, and it is likely that tissue-resident 

macrophages in the liver and spleen (which sequester virus from the blood), are able to 

“sense” incoming adenovirus particles in the complex with blood factors. A genome-wide 

transcriptome analysis of the spleen in mice 30 minutes after intravenous administration of 

the wild-type HAdv-C5 and a FX-binding ablated HAdv-C5-based vector, Ad-TEA, showed 

that prototypic NF-κB-signaling targets genes, including IL-1β, IL6, and CCL3, were poorly 

activated after Ad-TEA virus, compared to HAdv-C5 [18]. The analysis of the upstream 

signaling components that mediated this differential NF-κB activation between the wild-type 

and FX-binding-ablated viruses showed that after intravenous virus administration, the 

transcription of a prototypical NF-κB target gene IL-1β was significantly lower in mice 

deficient in MyD88, TRIF (Ticam1−/−), and TRAF6, all of which are principal components 

of the TLR and IL-1RI signaling pathways [18]. It was further established that NF-κB-

dependent inflammatory cytokine activation in the spleen after intravenous administration of 

HAdv5 was significantly reduced in TLR4-deficient, but not in TLR2-, TLR9-, or TLR7/

TLR8-double-deficient mice. It is of note that several adenovirus serotypes, including 

HAdv-C2, HAdv-C5 of species C and HAdv-B16 and HAd-B21 of species B, which bind 

coagulation FX with high affinity, trigger higher levels of inflammatory cytokine activation 

in the spleen 30 minutes after intravenous administration, compared to adenovirus serotypes 

that do not bind FX (HAdv-E4, HAdv-D51) [18]. Based on these data, it was proposed that 

splenic marginal zone macrophages activate NF-κB-dependent inflammatory cytokine 

production upon TLR4-dependent detection of HAdv-coagulation FX complexes in the 

endosomes. As we now know, without coagulation FX binding to HAdv-C5 in the blood, the 

virus is rapidly inactivated in an IgM- and complement-dependent manner [25]. It was 

recently shown that the complement C4 binding to a virus prevents its disassembly [82], thus 

rendering it phenotypically similar to ts1 virus, which cannot escape the endosomal 

compartments and which induces a greatly attenuated inflammatory response after 

intravenous administration [37, 80]. Therefore, a lower efficacy of endosome escape of FX-

binding ablated mutants may potentially contribute to their poor induction of TLR4-

dependent pro-inflammatory signaling in splenic macrophages in vivo. Although plausible, 

the implication of TLR4 as a sensor of HAdv-induced endosome rupture requires further 

investigation.

The HAdv-dependent activation of TLR signaling leads to qualitatively different 

transcriptional responses in different cell types. Although TLR-dependent NF-κB and 

MAPK signaling leads to activation of broadly pro-inflammatory cytokines and chemokines 

in macrophages, in plasmocytoid dendritic cells (pDCs) TLR-dependent recognition of 

HAdv leads to a very high level of IFN-I production. Basner-Tschakarjan et al. found that in 
vitro differentiated pDCs and cDCs activate IFN-I production in response to HAdv infection 
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and pDCs, but not cDCs, secrete IFN-I in a TLR9-dependent manner [83]. Zhu et al. have 

analyzed IFN-I production after exposure of mouse splenic pDCs, conventional DCs (cDCs), 

Kupffer cells, and peritoneal macrophages to HAdv-C5 in vitro. It was found that upon 

exposure to HAdv, pDCs produced very high amounts of both IFN-α and IFN-β [84]. The 

production of IFN-I by pDCs in response to HAdv was dependent on MyD88 and TLR9 but 

not on TRIF, indicating that the endosomal sensing of viral DNA by TLR9 was critical for 

activating of IFN-I production, which in this cell type is coupled to IRF7 activation 

downstream of MyD88 signalosome [85]. It was further determined that although cDCs, 

Kupffer cells, and peritoneal macrophages produced low levels of IFN-I upon exposure to 

HAdv in vitro, HAdv activation of IFN-I signaling in these cells occurred independently of 

TLR9, MyD88, and TRIF [84]. The cellular source of IFN-I production in vivo has been 

characterized in detail by Fejer et al [69]. Four to twelve hours after intravenous 

administration of HAdv-B3, both IFN-α and IFN-β expression were detectable in the 

spleen. Purification of pDCs and myeloid cDCs from spleen and their exposure to HAdv-B3 

in vitro showed that while IFN-β was activated by virus in both cell types, only pDCs 

activated IFN-α in response to virus infection. Importantly, it was established that late phase 

IL-6 production, determined 6-8 hours after intravenous virus administration, required 

functional IFNAR signaling as serum levels of IL-6 were significantly lower in IFNAR-

deficient mice, compared to wild-type mice after intravenous administration of HAdv-C5 

[84] or HAdv-B3 [69].

2.3 Functional consequences of innate immune activation by HAdv at a 
cellular level.—The interaction of HAdv with cell surface receptors leads to activation of 

signaling pathways that trigger the secretion of pro-inflammatory cytokines and chemokines 

and initiates other cell-intrinsic anti-viral response programs. One of the most dramatic 

phenomena observed in mice after intravenous HAdv administration is the induction of 

necrotic death of Kupffer cells [36]. As we discussed above, Kupffer cells sequester large 

quantities of HAdv from the blood and within minutes activate transcription of pro-

inflammatory cytokine IL-1α [37]. IL-1α functions as a membrane-bound cytokine and 

typically orchestrates local inflammatory responses by infected cells or under cell stress 

conditions [86]. Nevertheless, IL-1α can initiate both local and systemic IL-1RI signaling 

upon release from necrotic cells [86]. Upon sequestering HAdv from the blood, Kupffer 

cells undergo necrotic death within 1 hour and the loss of Kupffer cell population in the liver 

can be quantified on liver sections as early as 6 hours after intravenous HAdv administration 

[35, 36]. Although the exact molecular mechanism and key mediators executing necrotic cell 

death in Kupffer cells after HAdv exposure in vivo remain unknown, it was determined that 

Kupffer cells in mice genetically deficient in principal components of all currently known 

pathways of regulated cell death, including apoptosis, necroptosis, and pyroptosis, are still 

able to execute necrosis upon sequestering HAdv from the blood [87]. It was found that 

mice deficient in transcription factor IRF3 are resistant to HAdv-induced cell death [87]. 

However, the exact mechanism of how IRF3 regulates the execution of necrotic Kupffer cell 

death requires further investigation. It has been established that virus-induced endosome 

rupture is required for Kupffer cell death to occur, as viruses unable to escape the endosomal 

compartment efficiently (e.g. ts1 and a mutant HAvd-C5-based virus with HAdv-B35 fiber, 

Ad5/35) fail to trigger rapid death of Kupffer cells after intravenous virus administration 
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[36]. One critical functional consequence of necrosis execution by Kupffer cells after 

sequestering HAdv from the blood is curtailing systemic virus dissemination and thus 

protecting the susceptible cell types, such as hepatocytes, from infection [87]. The second 

outcome of necrotic Kupffer cell death is activation of the systemic inflammatory response, 

whereby a pre-synthesized cytosolic IL-1α and other pro-inflammatory mediators, including 

HMGB1 [88], are released in the circulation.

Unlike Kupffer cells in the liver, after sequestering HAdv from the blood, marginal zone 

macrophages do not execute necrotic death program. Instead, MARCO-positive 

macrophages are cleared from the spleen in a cell-extrinsic manner. Although IL-1α is 

promptly activated in MARCO+ and CD169+ macrophages within minutes of intravenous 

virus administration, the early acute local inflammatory response in the spleen involves 

IL-1RI-dependent production of chemokines CXCL1, CXCL2, CXCL10, and CCL2 [37]. 

This chemokine production leads to the influx and retention of polymorphonuclear 

leukocytes (PMNs) in the splenic marginal zone, which further receive local activating 

signals and trigger the induction of cell death in MARCO+ macrophages without the loss of 

plasma membrane integrity [89]. The anatomical disintegration of the splenic marginal zone 

is rather rapid and the MARCO+ macrophage population is completely lost 6 hours after 

intravenous administration of HAdv-C5 [89]. Interfering with both the IL-1α signaling and 

complement activation is needed to prevent PMN-dependent elimination of marginal zone 

macrophages after intravenous virus administration, suggesting that although chemokine 

production allows for the recruitment of PMNs into the spleen, local complement-dependent 

responses may ultimately be needed to trigger cytotoxic PMN activity [89].

IFN-I production by splenic dendritic cells plays a critical role in orchestrating the 

subsequent innate and adaptive immune responses targeted at both the virus and the virus-

encoded transgenes. In the mouse model of a liver-directed gene transfer, it was found that 

natural killer (NK) cells play the principal role in eliminating liver cells infected with HAdv-

C5-based vector[90]. Within 72 hours of intravenous vector administration, NK cells in the 

spleen acquired a highly activated state manifested by the expression of perforin, granzyme 

B, and IFN-γ and the expression of these cytotoxic effectors in NK cells was completely 

dependent on functional IFN-I signaling. Importantly, clearance of virus-infected cells from 

the liver at this time point was principally mediated by activated NK cells and the lack of 

IFN-I signaling resulted in both a dysfunctional NK cell population and a prolong 

persistence of virus-infected transgene-expressing liver cells [90]. The same group 

demonstrated that the principal NK cell activating receptor NKG2D is required for the NK 

cell-mediated cytolysis of virus-infected cells [91]. It is apparent that certain early viral 

genes encoded in the HAdv genome and expressed in hepatocytes after systemic delivery of 

replication-deficient first-generation vectors, are direct activators of NK cell-mediated 

cytotoxicity. Intravenous delivery of HAdv-based vectors devoid of all viral genes, so called 

“gutless” vectors [92, 93], results in a greatly prolong transgene expression in the liver of 

mice [94, 95], dogs [96, 97], and non-human primates [21, 98, 99]. Although NK cell-

mediated toxicity is avoided by deleting all viral genes, systemic delivery of “gutless” 

viruses still potently activates acute systemic inflammatory responses that are driven entirely 

by interaction of virus capsid with innate immune cell compartments.
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The induction of IFN-I production by DCs after their exposure to HAdv also leads to their 

functional maturation. Upon analysis of the development of protective antibody responses to 

HAdv5 it is was found that mice deficient in IFN-I signaling failed to develop virus-

neutralizing antibodies [100]. Specifically, it was found that IFNAR-signaling on DCs, 

CD4+ T cells and B cells was required for the production of virus-specific IgM and IgG 

antibodies and without IFN-I signaling, multiple steps of functional B cell maturation failed 

to occur [100]. The role of IFN-I in promoting maturation of DCs and the development of 

CD8+ T cell responses to vaccine vectors based on HAdv-C5 and chimpanzee adenovirus 

serotype CAdv-68 was evaluated in mice after intramuscular virus administration. Although 

IFN-I signaling was required for efficient maturation of DCs after their exposure to both 

vaccine vectors, the development of strong transgene-specific CD8+ T cell responses was 

independent of IFN-I signaling, as the numbers of transgene-specific CD8+ T cells were not 

different between wild-type mice and mice deficient in IFNAR [100, 101]. Taken together, 

the functional consequences of early innate antiviral response are i) the elimination of virus-

containing phagocytes through cell-intrinsic and cell-extrinsic mechanisms, within 24 hours 

of virus administration; ii) DC cell-mediated IFN-I production that activates NK cells 

resulting in elimination of virus-infected parenchymal cells; and iii) virus-induced infection 

and maturation of DCs and other antigen-presenting cells, which promote strong anti-viral 

humoral and cellular adaptive immune responses.

2.4 Systemic pathological sequelae of adenovirus-induced activation of 
innate immunity.—Although individual aspects of innate immune activation by HAdv do 

not appear to be detrimental to the host and aim at limiting virus dissemination and the 

induction of adaptive immunity, the concerted activation of a multitude of pro-inflammatory 

and cell death-inducing signaling pathways by many cell types simultaneously creates a 

major burden on host homeostatic processes and can drive severe systemic 

immunopathology. Whereas the induction of certain components of systemic HAdv-induced 

host responses, such as the production of pro-inflammatory cytokines, is fairly well 

understood, the molecular mechanisms underlying the development of systemic complement 

activation, disseminated intravascular coagulation, thrombocytopenia, and shock, which are 

observed after high dose intravenous virus administration remain poorly defined. 

Nonetheless, these symptoms are the principal signs of acute systemic toxicity which limit 

clinical utility of HAdv-based vectors for application in humans. After intravenous 

administration of HAdv-C5 or HAdv-C2, the plasma concentrations of cleaved complement 

component C3 fragment C3a increases rapidly to a peak 1 hour post virus injection [102]. 

This rapid systemic complement activation did not require circulating antibodies, and could 

be initiated via both the classical and alternative complement activation pathways [102]. The 

depletion of phagocytic cells in liver and spleen with clodronate liposomes significantly 

reduced systemic complement activation, implicating these cells in the induction of 

complement activation cascade after their interaction with HAdv. It is noteworthy, that 

intravenous administration of the ts1 mutant virus failed to trigger in vivo complement 

activation, indicating that virus escape from cellular endosomal compartments is required to 

initiate the signaling triggering complement activation cascade [102]. Complement 

components C3a and C5a are potent activators of the innate immune signaling and 

administration of HAdv-C5 into complement component C3-deficient mice leads to 
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significantly lower circulating levels of CXCL1, IL-5, G-CSF, GM-CSF, and IL-6 in serum 

[103]. Global liver-specific transcriptome analysis in C3-deficient and wild-type mice 

showed that 6 hours after intravenous virus administration, a large number of genes were not 

transcriptionally activated in C3−/− mice. Annotation of those complement C3-dependent 

virus-induced genes demonstrated that they are involved in NIK-I-κB/NF-κB signaling 

cascade, T helper 1-type immune response and cell-mediated immune response, pyrimidine 

metabolism pathways, apoptosis pathways, IL-6 signaling, and N-glycan biosynthesis 

pathways [104]. Additionally, intravenous administration of HAdv-C5 into mice deficient in 

complement components C3 and Factor B (FB) failed to trigger thrombocytopenia. As 

thrombocytopenia was still induced after virus injection in C1q- and C4-deficient mice, 

these data suggest that Factor B- and C3-dependent alternative complement activation 

pathway is responsible for triggering systemic thrombocytopenia upon intravenous virus 

administration [104]. The broad analysis of the induction of thrombocytopenia and 

inflammatory cytokine production in wild-type and complement C3- and FB-deficient mice 

was performed after intravenous administration of several serotypes from all human virus 

species, including HAdv-A31, HAdv-B3, HAdv-C5, HAdv-D37, HAdv-F41, and SAdv-23 

[105]. Although this analysis confirmed that inflammatory cytokine and chemokine 

activation was muted after administration of virus in complement-deficient mice, compared 

to the wild-type animals, the thrombocytopenia was only observed after administration of 

HAdv-B3, HAdv-D37, and SAdv-23 in the wild-type mice and did not depend on 

complement [105]. The authors suggested that higher virus doses are needed to trigger 

complement-dependent thrombocytopenia as compared to complement-dependent 

inflammatory cytokine activation, which occurs after intravenous injection of even relatively 

low virus doses [105]. Othman et al. explored the mechanisms of platelet clearance from the 

blood after intravenous administration of HAdv-C5 [106]. It was determined that platelet 

activation occurs rapidly after their incubation with HAdv-C5 and that platelets express 

HAdv-C5 attachment receptor, CAR, suggesting that direct HAdv-C5 binding to CAR on 

platelets may be responsible for virus-mediated platelet activation. Further, administration of 

high dose HAdv-C5 into mice deficient in von-Willebrand factor does not trigger systemic 

thrombocytopenia, implicating this factor in mediating this virus-activated thrombocyte-

consuming systemic response [106]. With regards to CAR-dependent mechanisms of 

thrombocytopenia induction, it is worth noting that HAdv serotypes that does not use CAR 

for cell entry, i.e. HAdv-B3, still trigger thrombocytopenia after intravenous administration 

even at relatively low doses [105]. This suggests that although virus binding to CAR on 

platelets can contribute to systemic thrombocytopenia after intravenous administration of 

CAR-interacting virus serotypes, other aspects of virus-host interactions, including systemic 

complement activation, activation of tissue macrophages and vascular endothelium in liver 

and spleen [107], and disseminated intravascular coagulation [13] are likely to contribute 

significantly to the etiology of acute consumptive thrombocytopenia. The etiology of 

disseminated intravascular coagulation that ensues after intravenous administration of HAdv 

remain unexplored. Stone et al. found that disseminated intravascular coagulation was 

uniformly observed after intravenous administration of various HAdv serotypes, including 

HAdv-B3, HAdv-E4, HAdv-C5, HAdv-B11, HAdv-B35, and HAdv-F41 in hCD46-Tg mice 

[108]. Upon analysis of plasma levels of sCD62P and D-dimer it was found that 6 hours 

after intravenous virus administration their concentrations were significantly higher 
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compared to mock-treated mice, with the highest concentrations of D-dimer observed after 

intravenous administration of HAdv-C5, HAdv-B11, HAdv-B35, and HAdv-F41 [108]. It 

was recently discovered that upon executing necrotic type death, macrophages release Tissue 

Factor (TF), one of the principal factors activating blood coagulation cascade [109]. Because 

large numbers of Kupffer cells die via a necrotic type death after interaction with HAdv, it is 

plausible that Kupffer cells release TF, which activates systemic intravascular coagulation. 

Further studies are needed to address this possibility.

Another pathological sequelae observed upon intravenous HAdv administration is the 

induction of shock, which involves hypotension, hemoconcentration, tissue edema, and 

vasocongestion. Using rats as a model, Xu et al. have found that multiple shock-associated 

symptoms depend on virus-induced activation of lipid mediator platelet-activating factor, 

PAF [110]. Blood levels of PAF increase by more than 10-fold within 5 minutes of 

intravenous virus administration. Pharmacologic interference with PAF receptor signaling 

using the inhibitor ABT-491 prevented increase in hematocrit and drop in systolic blood 

pressure shortly after intravenous virus administration. It was also established that 

macrophages in spleen were the likely source of PAF, because splenectomy or depletion of 

phagocytes with clodronate liposomes prior to the intravenous virus administration 

prevented PAF release and shock. The pre-treatment of rats with dexamethasone alleviated 

the shock symptoms. The authors found that PAF also plays a role in the induction of shock 

in mice, albeit a much higher doses of the virus were needed to trigger PAF release in the 

mouse model [110].

The cytokine storm, triggered by intravenous administration of HAdv, is likely to 

dramatically affect host responses to secondary infections. Indeed, Fejer et al. have shown 

that intravenous or intra-peritoneal administration of HAdv-C2 or HAdv-C5 leads to the 

development of hypersensitivity to secondary challenge of mice with LPS [111]. This 

hypersensitivity was manifest by a dramatic increase in blood levels of TNF-α and the 

expression of pro-inflammatory cytokines and chemokines in liver, spleen, kidney and lungs 

after administration of LPS to HAdv-pre-treated mice. Furthermore, pretreatment of mice 

with either HAdv-B3 or HAdv-C5 significantly increased lethality after their challenge with 

sub-lethal doses of LPS [111]. Mechanistically, LPS lethality depends on intracellular 

sensing of LPS by caspase-11, which triggers pyroptotic cell death [112, 113], and on 

collaboration of caspase-11 with caspase-8, which triggers TNF-dependent death of 

intestinal epithelial cells, leading to intestinal epithelial permeability [114]. Because 

caspase-11 expression is upregulated by IFN-I [115] and because IFN-I is produced in high 

amounts after intravenous HAdv administration [69], the intriguing possibility arises that 

HAdv administration triggers LPS hypersensitivity via an IFN-I-dependent upregulation of 

caspase-11 expression. If this is the case, then HAdv administration is likely to lead to a 

global modulation of numerous capsase-11- and caspase-8-dependent host defense 

programs, which may enable host hypersensitivity to secondary infection with bacterial 

pathogens. Taken together, these data suggest that the induction of acute systemic 

pathological responses predominantly stems from the virus interaction with phagocytes in 

liver and spleen after intravenous virus delivery, as the depletion of these cells alleviates the 

symptoms of shock and prevents systemic complement activation. The activation of 

complement, most notably the complement component C3, initiates the complement-
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dependent feed-forward pro-inflammatory signaling cascade and triggers thrombocytopenia. 

The cytokine storm, observed after high dose intravenous virus administration, is likely to 

mechanistically underlie the hypersensitivity to LPS and may potentially lead to exacerbated 

host responses to secondary challenge with bacterial pathogens.

3. Complexity of designing HAdv vectors with reduced innate immune recognition

Since the discovery of the detrimental impact of innate immune activation on the safety of 

HAdv-based vectors in gene therapy settings over two decades ago, a large number of 

studies have been conducted with the goal of deriving a structural configuration of the virus 

that escapes recognition by the innate immune system and thus, is safe for application in 

people with genetic diseases and cancer patients. The rationale for this approach is rooted in 

observations that the systemic toxicity of different wild-type HAdv serotypes after 

intravenous administration can vary greatly, and although some serotypes, including HAdv-

B3, HAdv-E4 and HAdv-B11, exhibit strong toxicity after intravenous administration [108], 

others exhibit a more muted activation of acute innate inflammatory response. As 

recognition of HAdv by the innate immune system occurs within minutes after intravenous 

virus administration, and the amino acid sequences of the solvent-exposed receptor-

interacting surfaces on the virus capsid differ between different serotypes, the introduction 

of mutations into the capsid should reduce its interactions with innate immune receptors. 

Although this approach yielded notable successes in a hit-and-miss manner, a 

comprehensive mechanistic understanding of steps necessary for the construction of HAdv 

variants that would avoid innate immune recognition is still lacking. Furthermore, with the 

intrinsic redundancy of innate immune signaling pathways, the multitude of receptors and 

cell types that respond to HAdv after its intravenous delivery, and a functional redundancy in 

the sequestration mechanisms that ensure prompt removal of pathogens from the blood [3, 

4], design of HAdv variants that would completely avoid innate immune recognition may 

not be feasible. Nevertheless, based on our understanding of the role of individual virus-host 

receptor interactions, a reduction in the magnitude of harmful systemic responses to HAdv 

administration is possible through modifications to the virus capsid.

Upon analysis of transcriptional activation of inflammatory cytokines and chemokines in the 

liver 30 minutes and plasma cytokine levels 6 hours after intravenous virus administration, it 

was found that the HAdv5-based vectors with short fibers, derived from either HAdv9 or 

HAdv35, triggered a significantly lower inflammatory response compared to the virus 

variants with long fiber shaft domains [34]. Further, a HAdv-C5-based vector with short 

HAdv-B35-derived fibers (Ad5/35S) triggers Kupffer cell death with a much lower efficacy 

compared to parental HAdv-C5 virus [36], despite its highly efficient accumulation in 

Kupffer cells after intravenous administration [3]. The fiber-mutated Ad5/35S vector 

triggered muted inflammatory response in the spleen and recruitment and retention of PMNs 

into the splenic marginal zone after intravenous administration of Ad5/35S was similar to 

that of the ts1 mutant virus, which is unable to escape cellular endosomal compartments 

[89]. Because both Ad5/35S and ts1 produce poor induction of the pro-inflammatory 

responses after intravenous administration and because Ad5/35S triggers inflammatory 

responses at significantly lower levels compared to both of its parental viruses HAdv-C5 and 

HAdv-B35 [116], it is likely that the substitution of the long fiber in HAdv-C5 capsid for a 
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short fiber from HAdv-B35 reduces the efficacy of Ad5/35S escape from endosomal 

compartments in phagocytic cells. Importantly, the total amounts of Ad5/35S virus 

accumulated in liver and spleen after intravenous administration and its sequestration in 

Kupffer cells and splenic macrophages were not reduced compared to parental HAdv-C5 [3, 

89].

As we discussed above, the critical role of virus penton RGD motif-dependent interactions 

with cellular integrins in triggering activation of pro-inflammatory cytokine and chemokine 

expression is well established. The RGD amino acid motif is present in penton base proteins 

of all known human adenovirus serotypes, except for species F viruses HAdv-F40 and 

HAdv-F41 and species D HAdv-D60 [117, 118]. Such a strong evolutionary conservation of 

this moiety is easily understood given that efficient virus internalization into the cell 

critically rely on penton RGD- integrins interactions [48, 119]. Indeed, HAdv-C5-based 

vectors lacking the RGD amino acid motif in their pentons internalize into cells and escape 

from the endosomal compartment with reduced efficacy compared to the wild-type virus 

[120]. Although the intravenous administration of the RGD motif-deleted vectors triggers a 

profoundly lower inflammatory response compared to parental viruses with wild-type 

pentons [37], the utility of these vectors for gene transfer applications may be limited due to 

their reduced infectivity of susceptible target cells. Similar to vectors with mutated fibers, 

the deletion of the RGD amino acids from the penton or even a combination of both the fiber 

substitution and penton RGD deleting mutations do not reduce the sequestration of the 

mutant viruses in the reticulo-endothelial system of the liver and spleen after intravenous 

virus administration [3, 121].

Since the discovery of the role of hexon HVRs in mediating coagulation FX binding to 

HAdv-C5 and specific mutations that abrogate hexon-FX interactions, several studies have 

compared the innate immune activation observed after intravenous injection of FX-binding 

ablated vectors versus unmodified wild-type HAdv-C5. Upon analysis of transcriptional 

activation of pro-inflammmatory cytokines and chemokines in the spleen 30 minutes after 

intravenous administration of a FX-binding ablated virus with a T425A single point 

mutation in the hexon HVR7, it was determined that a set of NK-kB dependent genes were 

activated at significantly lower levels compared to their level of activation after 

administration of HAdv-C5 [18]. It is important to point out that the IL-1α -dependent pro-

inflammatory signaling cascade was still activated in the spleen and virus sequestration in 

macrophages in the liver and spleen after intravenous administration was not reduced upon 

ablation of FX binding [18]. In an attempt to avoid virus sequestration in the liver and its 

neutralization by an HAdv-C5-specific serum, Coughlan et al. constructed vector 

Ad5HVR48(1-7), in which all HAdv-C5 hexon HVRs were substituted for hexon HVRs 

from a rare species D HAdv-D48 [122]. Although Ad5HVR48(1-7) exhibited lower efficacy 

of liver-directed gene transfer and reduced virus accumulation in Kupffer cells after 

intravenous administration, compared to parental viruses HAdv-C5 or HAdv-D48, this 

hexon-mutated virus was very potent at activating pro-inflammatory cytokine production 

[122]. Using a similar approach, Khare et al. replaced HAdv-C5 hexon HVRs for those of 

HAdv-C6 (designated Ad5/6) and analyzed in vivo liver-directed gene transfer, sequestration 

in tissues, and production of inflammatory cytokine IL-6 after intravenous administration of 

this mutant virus [123]. It was determined that Ad5/6 vector was able to bind coagulation 
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FX, transduced liver with a 10-fold higher efficacy compared to parental HAdv-C5 virus, 

and avoided sequestration in Kupffer cells after intravenous administration. However, the 

levels of IL-6 in the blood after administration of Ad5/6 to mice were still elevated and not 

different compared to parental HAdv-C5 virus [123]. Although introduction of mutations 

that ablate FX binding to HAdv-C5 efficiently reduces liver directed gene transfer, the 

efficacy of virus sequestration in the spleen is significantly increased. Alba et al. found that 

1 hour after intravenous virus administration to mice, significantly higher amounts of HAdv-

C5-based FX-binding ablated vector accumulated in the spleen compared to the unmodified 

HAdv-C5 [50]. It was further determined that FX binding-ablated vector efficiently 

transduced cells in splenic marginal zone, and splenic marginal zone CD11c+, ER-TR7+, 

and MAdCAM-1+ cells expressed vector-encoded b-galactosidase transgene 48 hours after 

intravenous virus administration [50]. Bradshaw et al. combined an FX binding ablated 

mutation in the hexon and the RGD motif to RGE mutation in penton into a single virus, 

AdT*RGE [12]. Intravenous administration of AdT*RGE resulted in activation of 

inflammatory cytokines and chemokines similar to that observed after administration of 

Ad5RGE vector, comprising penton RGE motif mutation only. However, the amount of 

AdT*RGE virus in the spleen 48 hours after virus administration was 5-fold lower compared 

to unmodified HAdv-C5-based vector [12]. Collectively, these data suggest that although the 

interactions of virus capsid proteins with host factors and cellular receptors undoubtedly 

govern virus recognition by the innate immune system, more targeted and complexed 

modifications of the virus capsid are likely necessary to avoid virus sequestration in tissue 

phagocytes and virus triggering of the receptors of innate immunity.

The most radical approach to avoiding HAdv recognition by the immune system has been 

through shielding the entire HAdv virion with polyethylene glycol (PEG) [124-128], or 

coating the virus with engineered protein shields [129-131]. These approaches have 

demonstrated both a significantly improved persistence of HAdv in the circulation after 

intravenous virus administration and a reduction in the amount of inflammatory cytokines in 

the blood [47, 132]. Although shielding of HAdv with PEG effectively prevents virus 

neutralization by pre-existing neutralizing antibodies, allowing for repeated gene delivery in 

a gene transfer or vaccination setting [133, 134], the utility of this approach in other 

applications has limitations. Specifically, although shielding oncolytic HAdv with PEG or 

protein conjugates significantly increases the efficacy of oncolytic HAdv-based vectors in 

mouse models [131, 133], after the initial round of replication, the progeny of oncolytic 

virus produced in tumor sites would not be covered with PEG or protein shields, thus 

exposing the virus to receptors and cells of the innate immune system. Moreover, certain 

cytokines, most notably IL-6 and IL-12, still remain elevated after systemic delivery [135] or 

direct blood cell exposure to PEGylated HAdv vectors [47], demonstrating that any single-

pronged approach to avoiding virus recognition by the innate immune system is unlikely to 

prevent or alleviate all factors and mechanisms responsible for triggering multi-faceted host 

innate immune and inflammatory responses to HAdv.

4. Relevance of mice and other animals as models of human immune response to HAdv.

The major limitation of analyzing immune responses to HAdv in mouse experimental 

systems is that mice are not permissive to HAdv [1, 136], thus little, if any, information on 
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specific tissues, cell types, and cellular receptors pertinent to explaining the pathogenesis of 

natural HAdv infection in humans can be derived from analyzing low-dose HAdv infections 

in mice. Nevertheless, the vast majority of findings discussed and conceptualized in this 

review were obtained upon administering mice intravenously with extremely high doses of 

viruses, a clinical scenario only observed in immunocompromised hosts with disseminated 

and often lethal natural HAdv infections [137-141]. The complexity of evaluating the 

relevance of findings in mouse system to humans stems from the fact that exquisite and 

definitive data on tissue-resident immune cells that sequester HAdv from the blood, their 

immediate and delayed responses, the innate immune receptors utilized by these cells to 

activate inflammatory signaling at time points relevant to the activation state of the immune 

response, are not available for the human system, due to obvious practical and ethical 

limitations. Although much information on human immune system activation by HAdv was 

obtained by infecting cells of epithelial origin, like Hela and human embryonic kidney 

HEK293 cells, and human peripheral blood mononuclear cells, differentiated in vitro in the 

presence of supra-physiological amounts of lineage-committing cytokines, the 

differentiating state and transcriptional and epigenetic programs operating in these in vitro 
differentiated cells are certainly unlike true tissue-resident macrophages and dendritic cells 

that ontogenetically arise from bone marrow precursors and home to and reside in human 

liver, spleen, and other organs. Despite these objective limitations, many aspects of HAdv-

host interactions initially discovered in mice were shown to function in human experimental 

systems and vice versa. First, HAdv serotypes of species A, C, D, E, and F can utilize CAR 

of both human and mouse origin as a primary high-affinity attachment receptor to gain entry 

into human and mouse cells [38, 39]. Second, the highly efficient binding of coagulation FX 

of human origin to HAdv-C5 was also shown for mouse coagulation FX [8]. Third, the 

natural IgM- and complement-mediated inactivation of FX-binding ablated HAdv-C5-based 

vectors occurs in both mouse and human sera [25, 26]. Fourth, the cytosolic inactivation of 

HAdv-Ab complexes by TRIM21 appears to function in both mouse and human systems 

[142, 143]. Fifth, high-dose intravenous delivery to mice [144] and non-human primates [58] 

of HAdv triggers an acute release of IL-6 and TNF-α, a response stereotypically observed in 

patients with severe natural HAdv infection [145-147] and during clinical gene therapy trials 

with systemic delivery of high doses of HAdv-based vectors [59, 148, 149]. Sixth and last, 

leukocytopenia and thrombocytopenia observed after intravenous administration of HAdv to 

mice [14, 103, 150] is also observed in rabbits [151], non-human primates [152] and humans 

[149] but not in pigs [153]. The vast majority of humans are exposed to various HAdv 

serotypes through natural infections [154]. It is therefore plausible that pre-existing 

neutralizing and non-neutralizing Ads may modulate HAdv bio-distribution after 

intravenous delivery by binding to the virus capsid and directing HAdv-Ab complexes to 

FcR-positive immune cells, further potentiating the magnitude and scope of innate immune 

activation. Findings from the mouse system indicate that mice with pre-existing HAdv-C5-

specific immunity release significantly higher amounts of TNF-α, IL-2, and IFN-γ after 

systemic delivery of HAdv-C5-based virus, compared to virus-naïve animals [150]. 

Likewise, the amounts IL-6 in the blood of pre-immunized rhesus monkeys after intravenous 

administration of HAdv-C5-based vector was even higher than in naïve animals [155]. 

Ongoing gene and cancer therapy trials with repeated HAdv administration regimens will 

provide clarity on whether the same phenomena previously observed in mice will also be 
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seen in humans. With paucity of human data obtained in the same experimental settings that 

can be directly compared to findings in mice and other animal experimental systems, 

consideration of limitations objectively existing in each system is warranted. Caution should 

always be exercised upon directly extrapolating findings to different species, since known 

differences in host factors, receptors, and regulatory mechanisms of the innate immune 

systems between mice, other animal models, and humans are abundant and incompletely 

understood.

Conclusions and Perspectives

Despite the fact that mouse systems are not permissive to infection with human 

adenoviruses, virus administration to mice has provided a wealth of information on how 

innate immunity recognizes and responds to infection with this human pathogen. Over the 

past decade, based largely on studies in mice, there has been a dramatic advance in our 

understanding of specific factors and mechanisms of virus recognition by the innate immune 

system. Notably, many of the lessons learned from these experiments do certainly improve 

our understanding of the virus-host interactions in humans. The main message that we have 

learned thus far is that the innate immunity deploys each and every remedy at its disposal to 

limit the dissemination of adenovirus through the blood, to suppress its persistence in 

transduced tissues, and to activate numerous functionally redundant signaling cascades to 

ensure that the pathogen is cleared from the body and a strong adaptive immunity arise to 

prevent future reinfection with the same virus serotype.

Based on the accumulated data, it appears that virus interactions with tissue-resident 

phagocytes (most notably Kupffer cells in the liver and marginal-zone macrophages in the 

spleen) and virus escape from the endosomal compartments are two principal factors that are 

mechanistically responsible for and drive the development of the majority of the 

pathological sequelae observed after host exposure to a high dose of HAdv or HAdv-based 

vectors. Future efforts should be focused on improving our understanding of structural 

aspects of HAdv interactions with IgM and complement components, on uncovering the 

identity of receptors on phagocytic cells that sequester HAdv from the blood, and on 

elucidating the mechanisms of their interaction with the virus. We still have much to learn 

about mechanisms of HAdv recognition by the innate immunity and studies in mouse 

systems will surely continue to provide new insights.
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Figure 1. Humoral and cellular components of the innate immune system orchestrating acute 
response to adenovirus after intravenous virus delivery.
Depicted are the individual roles of blood factors and cell types in mediating the removal of 

HAdv from the bloodstream and their corresponding receptors and effector molecules, 

discussed in detail in the body of this review.
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