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Liver injury with concomitant loss of therapeutic transgene expression can be a clinical sequela of systemic adminis-
tration of recombinant adeno-associated virus (rAAV) when used for gene therapy, and a significant barrier to treatment
efficacy. Despite this, it has been difficult to replicate this phenotype in preclinical models, thereby limiting the field’s
ability to systematically investigate underlying biological mechanisms and develop interventions. Prior animal models
have focused on capsid and transgene-related immunogenicity, but the impact of concurrently present nontransgene or
vector antigens on therapeutic efficacy, such as those derived from contaminating nucleic acids within rAAV preps, has
yet to be investigated. In this study, using Ad5-CMV_GFP-immunized immunocompetent BALB/cJ mice, and a coag-
ulation factor VIII expressing rAAV preparation that contains green flourescent protein (GFP) cDNA packaged as P5-
associated contaminants, we establish a model to induce transaminitis and observe concomitant therapeutic efficacy
reduction after rAAV administration. We observed strong epitope-specific anti-GFP responses in splenic CD8+ T cells
when GFP cDNA was delivered as a P5-associated contaminant of rAAV, which coincided and correlated with alanine
and aspartate aminotransferase elevations. Furthermore, we report a significant reduction in detectable circulating FVIII
protein, as compared with control mice. Lastly, we observed an elevation in the detection of AAV8 capsid-specific T
cells when GFP was delivered either as a contaminant or transgene to Ad5-CMV_GFP-immunized mice. We present this
model as a potential tool to study the underlying biology of post-AAV hepatotoxicity and demonstrate the potential for T
cell responses against proteins produced from AAV encapsidated nontherapeutic nucleic acids, to interfere with effi-
cacious gene transfer.

Keywords: AAV, immune response, transaminase, gene therapy, P5, hepatotoxicity

*Correspondence: Dr. Mark A. Brimble, Department of Host Microbe Interactions, St. Jude Children’s Research Hospital, Memphis, TN 38105, USA. E-mail: mark
.brimble@stjude.org; Dr. Aisha Souquette, Department of Medicine, University of Maryland School of Medicine, Baltimore, MD 21201, USA. E-mail: asouquette@som
.umaryland.edu

ª Mark A. Brimble et al. 2024; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons License [CC-BY] (http://
creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

HUMAN GENE THERAPY, VOLUME 00, NUMBER 00 DOI: 10.1089/hum.2023.188 j 1
Mary Ann Liebert, Inc.

http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


INTRODUCTION

LIVER ENZYME ELEVATIONS after vector administration have

been previously observed after treatment with adeno-

associated virus (AAV) in a range of disease contexts.1–4

In disorders where expression from the liver is targeted for

disease correction, such as hemophilia, this signature has

been observed in parallel with a decline in therapeutic

output.1,5–7 In some cases, this is controlled through the

administration of steroids, either prophylactically or reac-

tively. Transaminitis onset typically occurs within 2–3

months after vector administration.

Clinically, AAV capsid-reactive CD8+ T cells have

accompanied this phenomenon.5,6,8,9 However, this cor-

relation is not absolute. Some patients have detectable

AAV capsid reactive T cells without appreciable elevation

in serum transaminases.8,9 Others exhibit transaminitis

and therapeutic expression loss without detectable AAV

capsid reactive T cells.3,10 It is possible that in the latter

instances, a source of antigen other than the capsid, or

indeed the transgene, is driving this reactivity. Despite

transaminitis being a common clinical observation, it has

been difficult to recapitulate in animal models.

Adoptive transfer of capsid-specific CD8+ T cells has

been shown to induce transaminitis and loss of transgene

expression in liver-targeted gene transfer, and to diminish

transgene expression after intramuscular AAV deliv-

ery.11,12 Conversely, studies have reported that pre-existing

capsid immunity does not result in elevated liver trans-

aminases after recombinant AAV (rAAV) delivery.13,14

Prior study has also established that antitransgene-

directed CD8+ T cell immunity can clear transduced

hepatocytes in naive mice. In one study, this was achieved

by incorporating the immunodominant ovalbumin (OVA)

peptide into an expression cassette.15 Hepatocyte clear-

ance was dose dependent, with a low (1 · 108 vg) and

medium dose (1 · 109 vg) resulting in a total loss of

transgene expression after 12 weeks but with delivery of

1 · 1010 vg resulting in sustained OVA expression. A

study into genome editing efficiencies also noted reduced

efficacy and elevated transaminases when mice had pre-

existing immunity to the CRISPR enzyme.16

It is known that rAAV preparations exhibit consider-

able heterogeneity, in terms of both mutated and truncated

genomes, and the aberrant packaging of nucleic acids from

the production system.17 Such nucleic acid species can be

transferred, and persist, in vivo after rAAV administra-

tion.18–20 Furthermore, we have previously shown that

highly represented contaminants, originating from plas-

mid DNA upstream of the AAV P5 promoter, have the

potential to be transcribed and translated in the liver after

AAV transduction.21 Transcriptional activity from the

inverted terminal repeat (ITR) sequences has also been

shown to produce off-target transcripts in the transduced

liver and brain.22,23

T cells reactive to a cryptic peptide present within an

expression cassette have also been detected in mice after

AAV delivery.24 Protein products, whether aberrant or

intended, all could theoretically generate or contribute to a

T cell-mediated clearance of AAV-transduced hepato-

cytes. Indeed, prior investigations of nucleic acid con-

taminants of rAAV have suggested and shown that the

protein products of DNA impurities could be a source

of antigen presentation.19,21,25 However, whether T cell

responses against any of these heterologous antigens

could negatively impact therapeutic efficacy is currently

unknown.

In this study, we examined whether memory T cell

responses against nucleic acid contaminants delivered by

rAAV could drive hepatic transaminitis endogenously and

without the need for adoptive transfer of antigen-specific

T cells. We demonstrate that, at clinically relevant doses,

memory T cell responses against P5-linked contaminants

packaged in AAV can induce both hepatic transaminitis

and a reduction in the overall therapeutic protein output.

METHODS
Viral vectors

Adenovirus vectors were purchased from vector biolabs

(Ad5-CMV_GFP: #1060; Ad5-CMV_Luciferase: #1000).

rAAV vectors AAV8 serotype were produced in adherent

293T cells by triple plasmid transfection. Production and

purification of these viruses are described in a previous

study.21 Vectors were assayed for titer by quantitative

polymerase chain reaction (qPCR) using a linearized

plasmid reference standard as previously described,21 us-

ing primers directed against the FVIII transgene and

contaminant amplicons (Supplementary Table S1).

Quantitation of host–genome encapsidation was done

through Alu element qPCR using a HEK293 cell stan-

dard.26 Capsid titers were assayed by AAV8 titra-

tion ELISA kit (#PRAAV8; Progen). Measurements for

ELISA were performed on a Biotek plate reader.

In vivo studies
All mice were housed in the animal facility at St Jude

Children’s Research Hospital. All procedures were con-

ducted in compliance with the guidelines of the institu-

tional animal care and use committee (IACUC). BALB/cJ

mice and Albino C57BL/6J were used in the immunization

studies. For BALB/cJ experiments, mice were intramus-

cularly injected with 2e7 pfu of Ad5-CMV_GFP, Ad5-

CMV_Luciferase, or left uninjected. Twenty-eight days

later, mice were injected by tail vein with 5e11 vg of an

rAAV8 vector (AAV8GFP_P5 F8, AAV8Empty_P5 F8) or a

lower (1.7e10 vg) dose of AAV8ssCMV_GFP.

Ten days after AAV8 delivery, whole blood and plasma

were harvested for analysis. In Figure 6, Albino C57BL/6J
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mice were intramuscularly immunized with 2e7 pfu of

Ad5-CMV_GFP or Ad5-CMV_Luciferase. Twenty-eight

days later mice, were injected by tail vein with 5e11 vg

AAV8GFP_P5 F8. Whole blood and plasma were har-

vested for analysis at days 10, 29, 56, and 141 post-AAV

delivery.

Biochemical studies
Alanine aminotransferase (ALT) and aspartate amino-

transferase (AST) values were assayed from mouse

plasma by the St. Jude CPC diagnostic laboratory using

commercial kits (Horiba, ABX Pentra ALT CP

#A11A01627) (Horiba, ABX Pentra AST CP

#A11A01629). Circulating FVIII was measured from

mouse plasma by ELISA (Diagnostica Stago, Asserach-

rom VIII:Ag ELISA kit, #00280). ELISA was performed

on Bio-Tek plate reader.

Anti-AAV8 capsid IgG ELISA: Plates were coated over-

night with 5 · 1010 AAV8 vector genomes diluted in 5 mL

0.1 M NaHCO3 pH 9.2 and subsequently washed 5 · with

300 lL of Dulbecco’s phosphate-buffered saline with Tween

(DPBST). In total, 200 lL of DPBST with 6% bovine serum

albumin (BSA) was added, the plate was then incubated at

37�C for 1 h. The plate was washed 5 · and incubated with

50lL varying dilutions of mouse plasma (1:50, 1:200, 1:800,

and 1:3,200) in DPBST +2% BSA, shaking gently for 2 h at

37�C.

The plate was washed 5 · and incubated with 100 lL of

a 1:10,000 dilution of antimouse IgG (#A4416; Sigma) in

DPBST +2% BSA. After 1 h shaking at 37�C, the plate was

washed 5 · . Antibody binding is quantified by adding

200 lL per well of OPD peroxidase substrate (#P-9187;

Sigma) resuspended in 20 mL of ddH2O. After 5 min, the

reaction was halted with 50 lL of 3 M HCl. Signal was

quantified at 492 nm on a Biotek plate reader.

T cell specificity assays
Spleens harvested from AAV-treated mice were

placed in Hank’s buffered salt solution (#14175095;

Thermo-Fisher). Splenocytes were extracted, tetramer was

stained, and analyzed as previously described.21 In brief,

isolated splenocytes were plated in 96-well plates at 5

million cells per well in phosphate-buffered saline. Plates

were spun down, and cells resuspended in 150 lL of titrated

tetramers (Fred Hutchinson Cancer center). Tetramer spe-

cificities: green flourescent protein (GFP) (H-2Kd re-

stricted, EGFP200–208 HYLSTQSAL epitope); and AAV8

capsid (H2-Ld restricted, AAV8-CAP375–383 IPQY-

GYLTL epitope).

After 90 min, cells were washed 2 · , resuspended in

50 lL CD16/CD32 Fc-block (#553142; BD), and incu-

bated for 10 min in the dark. In total, 50 lL of Ghost Dye�
(#13-0870-T100; Cytek) and antimouse CD8a antibody

(#35-0081-U100; Cytek) were added to each well. Cells

were incubated for 30 min in the dark at 4�C, washed 2 · in

PBS, and resuspended in 150 lL of fluorescent-activated

cell sorting (FACS) buffer. Cells were run on a BD LSR

Fortessa FACS machine. In total, 2,000,000 events were

collected per sample. FlowJo v.10 was used to analyze

FCS files.

Graphs and statistical analysis
Figures were prepared in Adobe Illustrator. Graphs and

statistics were generated in GraphPad Prism 10.0. and

R studio. Error bars represent standard error of the mean

(SEM).

RESULTS
Preimmunization to P5-associated
contaminants can reduce therapeutic efficacy
of an rAAV-delivered transgene

rAAV preparations are known to be heterogeneous in

their nucleic acid content.17 These contaminants can arise

from elements of the production system that are erroneously

packaged within rAAV particles, such as plasmid backbone

sequences, host cell-line genomic DNA, or a combination

thereof.27 We have previously shown that sequences up-

stream of the AAV2 P5 promoter are preferentially incor-

porated nucleic acid contaminants in purified rAAV

(Fig. 1a).21 These P5-associated contaminants can be tran-

scribed within the liver and the translation products of these

contaminants can result in the generation of specific T cells

in naı̈ve mice after rAAV infection (Fig. 1b).

Here, we examined whether T cell responses against an

rAAV contaminant-derived antigen could interfere with

the therapeutic potential of the expression cassette. Using

intramuscular injection of a recombinant adenovirus,

packaging a ubiquitously expressed GFP reporter cassette

(Ad5-CMV_GFP), immunity to the GFP protein was

generated in BALB/cJ mice (Fig. 2a). Control mice did not

receive an Ad5 injection. Twenty-eight days after immu-

nization, an AAV8 vector encoding the coagulation factor

VIII under a liver-specific promoter (AAV8-HLPhFVIII)

was administered intravenously at a low (1e11 vg) or high

(5e11 vg) dose.

The production plasmids used to make this construct

were engineered to contain a GFP open reading frame

upstream of the P5 promoter, thus this reporter cassette

was packaged as contaminant DNA into rAAV particles

within the FVIII preparation (GFP_P5). The abundance of

full-length contaminant GFP aberrantly incorporated was

determined to be *6% of the FVIII vector genome titer

(Supplementary Table S2). Ten days after AAV delivery,

mice were assayed for liver transaminase levels and cir-

culating FVIII expression. Elevated transaminases were

seen in both pre- and nonimmunized contexts (Fig. 2b, c).

We did not observe differences in the ALT and AST

elevations between mice given the 5e11 vg dose of AAV

(ALT: p = 0.94, AST: p = 0.47). Some GFP-immunized
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Figure 1. Incorporation and hepatic postinfection activity of P5-associated contaminants. (A) Schematic depicting incorporation of P5-associated con-
taminants during plasmid transfection-based production of AAV. After transfection of a 293-based production cell line with plasmids harboring the intended
expression cassette, AAV replication and capsid genes, and adenoviral helper genes, the intended expression cassette is packaged into rAAV virions.
Sequences upstream of the AAV P5 promoter are actively incorporated into AAV particles, and as such are among the largest species of nucleic acid
contaminants in purified rAAV. (B) Schematic depicting designed P5-associated reporter contaminant strategy. A reporter cassette (GFP) is placed directly
upstream of P5 and so is present in the purified rAAV preparation. After systemic AAV administration, these P5-associated sequences are transferred to
hepatocytes. The P5 promoter has bidirectional transcriptional activity resulting in this upstream reporter sequence being transcribed, translated, and resulting
in the production of GFP-specific T cells. GFP, green fluorescent protein; rAAV, recombinant adeno-associated virus.
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mice given the 1e11 vg dose had higher ALT levels and

AST levels than the nonimmunized controls, but this was

not statistically significant (ALT: p = 0.75, AST: p = 0.41).

Interestingly, when circulating FVIII was assayed in the

5e11 vg dose group, the mice immunized to GFP had

*50% lower circulating FVIII expression as was present

in the nonimmunized group ( p = 0.01) (Fig. 2d). This

suggests that immunization against a heterologous AAV-

delivered antigen (GFP) negatively impacted expression

of the intended transgene (FVIII).

Elevated transaminases, FVIII expression
reduction, and induction of CD8+ T cells
reactive to P5-associated contaminants after
rAAV delivery in preimmunized mice

Since the nonimmunized group in this experiment had

not received an adenovirus vector, it is possible that cir-

culating FVIII expression differences in the 5e11 vg group

could be a nonspecific effect of Ad5 administration. To

address this, we altered the strategy such that control mice

would be administered with an Ad5 vector driving the

expression of the firefly luciferase protein (Ad5-CMV_

Luc) (Fig. 3a). Twenty-eight days postimmunization mice

were administered 5e11 vg of AAV8HLPhFVIII that

either contained a GFP cassette as contaminating DNA

(AAV8GFP_P5 F8), or standard plasmid backbone sequ-

ences (AAV8Empty_P5 F8).

A third group was given a lower dose of a control

AAV8 vector in which an ITR-flanked CMV_GFP

expression cassette was packaged (AAV8ssCMV_GFP).

All AAV preparations were assayed for a range of known

nucleic acid contaminants and for full capsid con-

tent (Supplementary Table S3). For mice dosed with

AAV8GFP_P5 F8, significant elevations in both ALT and

AST were observed in the GFP-immunized group

(ALT: 972.9 – 180.2; AST: 809.8 – 174.6) as compa-

red with Ad5-CMV_Luc-immunized mice ( p < 0.0001)

(Fig. 3b, c).

In contrast, at an equivalent dose of AAV8Empty_P5 F8,

there were no significant elevations in either ALT or

AST in either (Ad5-CMV_GFP)- or Ad5-CMV_Luc-

immunized mice (ALT: 53.6 – 19.6 vs. 44.6 – 12.4; AST:

Figure 2. Preimmunization of Balb/cJ mice against P5-associated contaminants results in a dose-specific efficacy reduction of FVIII cassette. (A) Schematic of
experimental strategy in which Balb/cJ mice are immunized against P5-associated contaminants through intramuscular injection of Ad5 and followed by a sub-
sequent treatment with AAV8GFP_P5 F8. (B–D) Bar graphs depicting circulating (B) alanine aminotransferase (C) aspartate aminotransferase. (D) Coagulation factor
VIII levels in GFP-immunized (blue) and nonimmunized (orange mice) that received a lower (1e11 vg) or higher (5e11 vg) dose of AAV8GFP_P5 F8 (two-way ANOVA with
Šı́dák’s multiple comparisons test, n = 3; *p = 0.01). Error bars indicate SEM. ANOVA, analysis of variance; SEM, standard error of the mean.
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96.1 – 41.0 vs. 80.4 – 19.4) ( p > 0.99). Elevations in ALT

and AST were also seen when AAV8ssCMV_GFP was

delivered to GFP-immunized mice, though to a lower

magnitude than with the contaminant vector. When cir-

culating FVIII was measured, the mice that received

AAV8Empty_P5 F8 showed equivalent levels across the

immunization conditions ( p = 0.99) (Fig. 3d). However,

when treated with AAV8GFP_P5 F8, the mice immunized

to GFP exhibited less than half of the circulating FVIII

Figure 3. Transaminase elevations, transgene efficacy loss, and induction of contaminant-specific CD8+ T cells in preimmunized Balb/cJ mice.
(A) Schematic of experimental strategy in which Balb/cJ mice are immunized against P5-associated contaminants through intramuscular injection of Ad5 and
followed by a subsequent treatment with AAV8GFP_P5 F8. (B–D) Bar graphs depicting circulating (B) alanine aminotransferase (C) aspartate aminotransferase.
(D) Coagulation factor VIII levels in GFP or luciferase-immunized mice treated with 5e11 vg of AAV8GFP_P5 F8 (blue), AAV8Empty_P5 F8 (orange), and
AAV8ssCMV_GFP (red). (Two-way ANOVA with Sidak’s multiple comparisons test, n = 5; ****p < 0.0001; **p < 0.01). Error bars indicate SEM. (E) Bar graph
showing frequency of GFP tetramer (HYLSTQSAL200–208)-positive splenic T cells in GFP or luciferase-immunized mice treated with 5e11 vg of AAV8GFP_P5 F8
(blue), AAV8Empty_P5 F8 (orange), and AAV8ssCMV_GFP (red) (two-way ANOVA with Šı́dák’s multiple comparisons test, n = 5; ****p < 0.0001; ***p < 0.001). Error
bars indicate SEM. Tetramer detection limit 0.05%. (F) Representative flow cytometer plots showing GFP tetramer frequency of AAV8GFP_P5 F8-infected mice
preimmunized with Ad-CMV_GFP (top) and Ad-CMV_Luciferase (bottom).
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observed in the Ad5-CMV_Luc-immunized control mice

(42.7% – 3.9%) ( p < 0.0001).

Splenic T cells were harvested from the treated

mice and analyzed for specificity against GFP and AAV8

capsid through tetramer staining (Supplementary Fig. S1).

In Ad5-CMV_GFP-immunized mice treated with

AAV8GFP_P5 F8, *10% of splenic T cells

(10.2% – 0.75%) were specific for the immunodominant

GFP epitope, as compared with *1% when treated with

AAV8Empty_P5 F8 (1.31% – 0.31%) (Fig. 3e, f; Supple-

mentary Fig. S2). In Ad5-CMV_GFP-immunized mice,

the highest level of GFP-specific T cell generation was

observed with the AAV8ssCMV_GFP delivery

(19.11 – 4.01), despite a lower elevation of transaminases

than when GFP was only present as a contaminant.

As expected, levels of ALT correlated with AST in

each mouse (Supplementary Fig. S3a). The overall

frequency of GFP-specific T cells in AAV8GFP_P5 F8-

and AAV8ssCMV_GFP-treated mice correlated with

ALT elevations, whereas no significant correlation

was seen for this in AAV8Empty_P5 F8 mice (Fig. 4a, b;

Supplementary Fig. S3b), and circulating FVIII exp-

ression was negatively correlated with the frequency

of GFP tetramer-positive T cells in AAV8GFP_P5 F8-

treated mice but not AAV8Empty_P5 F8-treated mice

(Fig. 4c, d).

Assessment of AAV capsid-specific CD8+
T cells in P5-associated contaminant-
immunized mice

To determine whether the frequency of AAV8 capsid-

specific T cells differed across treatment groups, we also

probed for T cells specific for the immunodominant AAV8

capsid epitope (IPQYGYLTL375–383) in BALB/cJ mice.

Although the frequencies of capsid-specific cells by tet-

ramer staining were orders of magnitude lower than

observed for GFP, we observed a significant increase

in the frequency of capsid-specific T cells in GFP

rechallenged mice (Fig. 5a, b; Supplementary Fig. S4).

This occurred in both the AAV8GFP_P5 F8 and

Figure 4. Correlation of transaminase elevations and FVIII transgene with detection of GFP-specific T cells. (A, B) Correlation plots of ALT levels with GFP
(HYLSTQSAL200–208) positive frequency in Ad5-CMV-GFP and Ad5-CMV_Luciferase mice treated with (A) AAV8GFP_P5 F8 (B) AAV8Empty_P5 F8. (C, D) Correlation
plots of circulating FVIII with GFP (HYLSTQSAL200–208) positive frequency in Ad5-CMV-GFP and Ad5-CMV_Luciferase mice treated with (A) AAV8GFP_P5 F8 (B)

AAV8Empty_P5 F8.
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Figure 5. Capsid-specific T cells are elevated in GFP preimmunized mice dosed with a GFP containing rAAV. (A) Bar graph showing frequency of AAV8
capsid tetramer (IPQYGYLTL375–383)-positive splenic T cells in GFP or luciferase-immunized mice treated with 5e11 vg of AAV8GFP_P5 F8 (blue), AAV8Empty_P5 F8
(orange), AAV8ssCMV_GFP (red) (Two-way ANOVA with Sidak’s multiple comparisons test, n = 5; ****p < 0.0001; ***p < 0.001). Error bars indicate SEM.
Tetramer detection limit 0.01%. (B) Representative flow cytometer plots showing AAV8 capsid (IPQYGYLTL375–383) tetramer-positive frequency of AAV8GFP_P5

F8-infected mice preimmunized with Ad-CMV_GFP (top) and Ad-CMV_Luciferase (bottom). (C–E) Correlation plot of GFP (HYLSTQSAL200–208) with AAV8 capsid
(IPQYGYLTL375–383) tetramer-positive frequency in Ad5-CMV-GFP and Ad5-CMV_Luciferase mice treated with (C) AAV8GFP_P5 F8 (D) AAV8Empty_P5 F8 (E)

AAV8ssCMV_GFP. Pearson r value and p-value are included. (F) Bar graph showing AAV8 capsid IgG antibody levels in GFP or luciferase-immunized mice
treated with 5e11 vg of AAV8GFP_P5 F8 (blue) AAV8Empty_P5 F8 (orange) AAV8ssCMV_GFP (red). Values are shown as a fold change relative to the luciferase
preimmunized condition for each group. (Two-way ANOVA with Šı́dák’s multiple comparisons test, n = 5; *p < 0.05).

8 j



AAV8ssCMV_GFP administration groups, whereas no

differences were observed between immunization groups

after AAV8Empty_P5 F8 delivery.

When the frequency of GFP tetramer-positive cells was

plotted against the capsid tetramer-positive frequency,

again, a positive correlation was observed in AAV8GFP_P5

F8- and AAV8ssCMV_GFP-treated mice but not with

AAV8Empty_P5 F8-treated mice (Fig. 5c–e). Then, to assess

whether transaminitis induction led to alterations in anti-

body production, we assayed mouse plasma for the pres-

ence of anti-AAV8 IgG antibodies (Fig. 5f). IgG levels

were 1.6-fold higher in GFP-immunized mice treated

with AAV8GFP_ F8 as compared with luciferase, whereas

equivalent levels were observed across the two

AAV8Empty_P5 F8 groups. This effect was not observed in

mice that received the AAV8ssCMV_GFP control vector.

No evidence of response to P5-associated
contaminant immunization in Albino C57Bl6/
J mice

BALB/cJ mice have both a well-characterized immu-

nodominant CD8+ T cell epitope to the GFP pro-

tein (HYLSTQSAL200–208) and the AAV8 capsid

(IPQYGYLTL375–383).28,29 To determine how conserved

this T cell response was, we next tested whether this

model would be recapitulated in a different mouse strain,

C57BL/6, which has different dominant epitopes for the

GFP protein and AAV8 capsid (DTLVNRIEL118–126 and

NSLANPGIA517–525, respectively).28,30 Using adenoviral

vector-mediated gene transfer, Albino C57BL/6J mice

were immunized with either Ad5-CMV_GFP or Ad5-

CMV_Luc.

Upon subsequent administration of AAV8GFP_P5 F8,

mice were longitudinally measured for changes in liver

enzymes and circulating FVIII protein (Fig. 6). In this

instance, the model did not recapitulate the findings in

BALB/cJ mice; no observable differences in circulating

FVIII were seen across the groups. Elevated transaminases

were detected but were observed in both immunization

groups and a set of uninfected control mice from this strain

(Supplementary Fig. S5).

In summary, these data show the potential for heter-

ologous antigens delivered as AAV contaminants to neg-

atively impact therapeutic efficacy in hepatically delivered

rAAV. The model described here in BALB/cJ mice can be

generated without the need for adoptive transfer of cells

and could serve as a useful tool in studying the mecha-

nisms driving CD8+ T cell-mediated clearance of hepa-

tocytes after rAAV gene transfer.

DISCUSSION

Contaminating nucleic acids are currently an inherent

component of rAAV. Every reported rAAV preparation

that has been analyzed for nucleic acid content has had

readily detectable heterogeneity.17 Here in BALB/cJ mice,

we report that pre-existing immunity to a heterologous

antigen (GFP) packaged as a DNA contaminant in rAAV

elicits transaminase elevations and a reduction in the

detectable levels of the therapeutic transgene (FVIII).

In doing so, we have generated a vector-inducible

mouse model of transaminitis that could be used to inter-

rogate mechanisms involved in CD8+ T cell-mediated

clearance of AAV-transduced hepatocytes and develop

strategies to circumvent this and avoid transgene expres-

sion loss. This model is relatively simple to generate, only

requiring the administration of two heterologous viral

vectors.

The tolerogenic environment of the liver lends itself to

successful gene therapy. Indeed, higher hepatic expression

of AAV-encoded transgenes induces a greater number of

Tregs,31,32 and it has been suggested for hemophilia that

AAV gene therapy could serve as a tolerance-generating

solution to patients who have antifactor inhibitors.33–35

The balance between tolerance and a functional CD8+
T cell clearance of hepatocytes is related to vector dose,

with higher doses inducing transgene tolerance.15 Yet, in

published clinical studies for hemophilia, the primary

determinant of whether patients on a trial will have

detectable, delayed, transaminitis is being enrolled in the

higher dose cohort.5,8,10

The current evidence, at least with some patients, is that

rAAV-induced transaminitis in humans is driven by an

anticapsid T cell response, due to the detection of AAV

capsid-specific T cells coinciding with this phenotype.1,5,9

However, this may not be the full story. Delivering a high

dose of the transgene may result in a lower dose of alter-

native antigens, such as contaminant protein products or

cryptic antigens arising from within the expression cas-

sette.24 If such products encoded well-presented and rec-

ognized epitopes, then even with tolerance generated

against the therapeutic protein, a deleterious response

Figure 6. Preimmunization to P5-associated contaminants yields no dif-
ference of FVIII expression in Albino C57BL/6J mice. Longitudinal plot of
circulating FVIII in Albino C57BL/6J mice preimmunized with Ad-CMV_GFP
(blue) or Ad-CMV_Luciferase (orange). Nonimmunized non-AAV-treated
mice were used as a control (black). Values were obtained at 10, 29, 56, and
141 days post-AAV8GFP_P5 F8 administration.
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against the alternative antigens could result in the clear-

ance of hepatocytes also containing a productive trans-

gene, reducing overall treatment efficacy.

Although mouse models utilizing adoptive transfer of

AAV capsid-specific T cells have shown successful in-

duction of the transaminitis phenotype,11,36 evidence from

other animal models supports the notion that antigens

expressed from within the cell are an equally valid mech-

anism. A previous study used intramuscular injection of an

adenovirus expressing the AAV8 capsid and observed a

B cell-dependent reduction in the resultant therapeutic

output of an AAV2-FIX vector.14 However, if capsid-

specific cells were adoptively transferred after AAV deliv-

ery, no such reduction was observed.

More recently, a study in cynomologous monkeys

showed that when AAV empty capsids or a promoterless

expression cassette was administered, transaminitis did

not occur. However, when the transgene was expressed,

transaminitis was observed.37 Several other studies have

detected transgene-recognizing T cells after AAV delivery

in a variety of contexts.38–41 Given that the human leu-

kocyte antigen (HLA) genes, which determine which

peptides are efficiently presented for T cell recognition,

are the most diverse loci in the human genome,42 in hu-

mans there may inevitably be different, patient-specific,

answers to the hepatocyte clearance question. Rigorous

monitoring for HLA associations with negative immune-

mediated sequelae may be required to ascertain the precise

cause(s) of T cell-mediated clearance of transduced cells

after AAV delivery, on a case-by-case basis.

An interesting finding in our study was that although a

greater number of CD8+ T cells were generated when

mice were dosed with the AAV8ssCMV_GFP vector,

transaminases were higher in the AAV8GFP_P5 F8

group. We hypothesize that because P5-associated con-

taminants in rAAV exist at a range of sizes, truncated

forms of the GFP protein were being produced, resulting

in easier presentation of the immunodominant epitope.

In addition, the greater detection of capsid-specific

CD8+ T cells in mice that were rechallenged with GFP

poses an interesting question about whether responses

against gene therapy vectors should be viewed as being

limited to a single epitope or antigen, but further study

must be undertaken to address this question directly before

any conclusion can be drawn.

The kinetics of the transaminitis within this model are

typical of a memory recall phenotype, in that they occur

quickly after the second exposure to the antigen. The

clinical experience, however, is characterized by a delayed

onset, often up to 3 months after AAV administration.7,8

This would suggest that the mechanism behind the clinical

phenotype is a delayed response to a de novo antigen,

rather than a memory response. This notion is supported

by the 2017 mouse model using an rAAV-delivered

ovalbumin transgene, with observed delayed transgene

expression loss.15 GFP_P5 vectors from this study could

potentially be used to assess if such an interference in

transgene efficacy would occur in a delayed manner in the

absence of preimmunization.

It should be noted that there are questions surrounding

this model that should be answered before wider conclu-

sions are drawn. First, if the mice were followed longer,

would circulating FVIII expression drop to 0 or plateau

around the level we observed at the 10-day timepoint, and

would liver enzyme levels be restored to normal once such

a plateau, or total loss, had been reached? Moreover, a

limitation of the study is that livers were not assayed for

infiltration of CD8+ T cells and their cognate reactivity.

Such an examination would confirm the role of the obs-

erved GFP-specific T cells in clearing the transduced

hepatocytes and help to answer whether the co-occurring

increase in capsid-reactive T cells had any mechanistic

contribution to the transaminitis phenotype.

It is also important to stress that the findings within this

article were generated in an artificial capacity. A GFP

cassette was purposely placed upstream of the P5 sequence

to confer its encapsidation as a contaminant sequence.

In this case, the abundance of full length GFP was *6%

of the intended FVIII cassette, and so a high proportion of

FVIII-transduced cells would likely contain a P5-linked

GFP contaminant. A purer preparation, where GFP was

present at 1%, or 0.1% of the transgene, may have a

less pronounced impact on transgene efficacy after GFP

preimmunization.

Furthermore, sequences upstream from P5 in clini-

cal rAAV preparations may not have a coding sequence

placed to be efficiently translated. However, plasmid

backbones often contain coding sequences for antibiotic

resistance genes, and even without a canonical coding

sequence, there is the risk for production of cryptic peptide

sequences from within the expression cassette.24 The

failure of the model to recapitulate the development of

transaminitis in an additional mouse strain highlights that

perhaps only under specific conditions can rapid, strong,

deleterious responses against rAAV contaminant prod-

ucts drive a therapeutically consequential effect.

Although this investigation focused on P5-associated

upstream contaminants within rAAV, there are several

other sources of nucleic acid contamination that will

be packaged within rAAV. This includes host–genome

sequences, DNA from the replication or capsid gene of

AAV, incomplete expression cassettes, and other plasmid

or baculoviral sequences from the rAAV production sys-

tem.17 Clinically negative outcomes in rAAV-treated

patients have not been directly linked to contaminants of

any specific identity.

However, the artificial increase of CpG motifs within a

construct used to treat hemophilia-B patients was attrib-

uted to complete efficacy loss in seven out of eight patients

due to TLR9 activation.6 Current AAV vectors are desi-
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gned to minimize CpG motifs within transgenes, but the

same does not necessarily apply to these contaminant

species, as they are not intended to be packaged. In fact,

sequences from plasmids contain bacterial elements

that are often highly enriched in CpG motifs and if pack-

aged could contribute to this activation.

A prior study was unable to detect in vivo tran-

scription of either the capsid gene, adenoviral helper

sequences, or the ampicillin resistance gene after AAV

delivery.19 However, since the capsid gene is down-

stream of P5 in a traditional plasmid-based production

system, and other amplicons were not designed based

upon proximity to P5, these findings are not in conflict

with our data. Indeed, this may signify that, unlike P5-

associated sequences, not all contaminants packaged

into rAAV will be transcribed. Given the potential for

widespread application of rAAV technology across

disease indications, a more complete understanding of

potential risks from preparation-related impurities is

required. The model presented here is a potentially

useful tool to facilitate this.

There are many open questions regarding how the im-

mune system responds to the administration of rAAV for

gene therapy. The model described here has shown that a

T cell response after administration of an AAV vector does

not need to be against the therapeutic transgene to exert a

negative effect on therapeutic protein output. This further

highlights the importance of in-depth product character-

ization and ensuring that unintended nucleic acids are kept

to a minimum in rAAV preparations.

Moreover, by inducing rapid transaminitis through a

memory recall response against rAAV-delivered antigens,

we have developed a tool that can be used to investigate

the mechanisms involved in hepatic transaminitis and

present this model as an option to interrogate CD8+ T cell-

mediated clearance of hepatocytes after the administration

of rAAV.
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