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Abstract
The number of approved or investigational late phase viral vector gene therapies (GTx) has been rapidly growing. The 
adeno-associated virus vector (AAV) technology continues to be the most used GTx platform of choice. The presence of 
pre-existing anti-AAV immunity has been firmly established and is broadly viewed as a potential deterrent for successful 
AAV transduction with a possibility of negative impact on clinical efficacy and a connection to adverse events. Recommenda-
tions for the evaluation of humoral, including neutralizing and total antibody based, anti-AAV immune response have been 
presented elsewhere. This manuscript aims to cover considerations related to the assessment of anti-AAV cellular immune 
response, including review of correlations between humoral and cellular responses, potential value of cellular immunogenicity 
assessment, and commonly used analytical methodologies and parameters critical for monitoring assay performance. This 
manuscript was authored by a group of scientists involved in GTx development who represent several pharma and contract 
research organizations. It is our intent to provide recommendations and guidance to the industry sponsors, academic labo-
ratories, and regulatory agencies working on AAV-based GTx viral vector modalities with the goal of achieving a more 
consistent approach to anti-AAV cellular immune response assessment. 
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CTL  Cytotoxic T lymphocytes
CV  Coefficient of variability
DFR  Distribution-free resampling
DMSO  Dimethyl sulfoxide
EBV  Epstein-Barr virus
EDTA  Ethylenediaminetetraacetic acid
ELISpot  Enzyme-linked immunosorbent spot
EPAR  European Public Assessment Report
FDA  US Food and Drug Administration
FVIII  Factor VIII
gc  Genome copies
GTx  Gene therapy
HIV  Human immunodeficiency virus
HLA  Human leukocyte Ag
ICS  Intracellular cytokine staining
IFN-γ  Interferon-γ
IL  Interleukin
IM  Intramuscularly
IND  Investigational new drug
Iono  Ionomycin
LLOQ  Lower limit of quantification
LOD  Limit of detection
LPL  Lipoprotein lipase
MHC  Major histocompatibility complex
NAbs  Neutralizing Abs
NHP  Non-human primates
NK cell  Natural killer cell
PBMC  Peripheral blood mononuclear cell
PD  Pharmacodynamics
PHA  Phytohaemagglutinin
PMA  Phorbol 12-myristate 13-acetate
PVDF  Polyvinylidene difluoride
QC  Quality control
RPE65  Retinal pigment epithelium-specific 

65 kDa protein
SBA  Summary basis of approval
SEB  Staphylococcal enterotoxin B
SFU  Spot-forming units
SOP  Standard operating procedure
TAb  Total Ab
TE  Target engagement
TI  Transduction inhibition
ULOQ  Upper limit of quantification
vg  Vector genomes

Introduction

The past 25 years have witnessed numerous advances in 
the development of gene therapies as these products have 
moved from the investigational stage to commercial approval. 
With these advances has come the need to better understand 
the impact host immune responses may play in the safety, 

efficacy, and long-term durability of viral vectored gene ther-
apies. Presently, gene therapy (GTx) is often developed to 
treat monogenic disorders by introducing DNA into cells to 
compensate for missing, poorly expressed, or mutated genes. 
The most common approach is to use a viral vector (e.g., 
adeno-associated virus, AAV) as a carrier for the transgene 
cassette which encodes a replacement for the deficient gene 
of interest which is delivered through a process referred to 
as vector transduction. Though some AAV serotypes have a 
notable “tropism” or propensity to deliver the transgene to a 
desired target tissue, transgenes are distributed to a variety of 
tissues following systemic administration of viral vectors. In 
these circumstances, tissue-specific or tissue-restricted pro-
moter and enhancer elements incorporated into the transgene 
cassette are useful to ensure that the gene is expressed pre-
dominantly in the desired tissue. Alternatively, these pro-
moter and enhancer elements may allow ubiquitous expres-
sion in a variety of cell or tissue types (if not in all cell types).

Gene therapies present unique challenges to immuno-
genicity assessment. In addition to the immune response to 
the viral carrier, treatment with GTx results in the expression 
of transgene proteins that have the potential to elicit immune 
responses. Immune responses to gene therapy products may 
compromise efficacy and patient safety. Thus, regulatory 
guidelines imply that immunogenicity should be monitored 
throughout drug development (1-4) and sufficient informa-
tion should be provided to support label claims regarding 
durability, as needed.

The host immune system has many innate and adaptive 
mechanisms for contending with threats from intracellu-
lar pathogens. Most relevant to the long-term efficacy of 
AAV vector-mediated gene therapies may be the cytotoxic 
cell-mediated immune response. Cytotoxic lymphocytes 
most often consist of activated CD8 + T cells and natural 
killer (NK) cells; however, CD4 + cells, particularly of the 
Th1 phenotype, also have caused cytotoxicity under cer-
tain circumstances (5, 6). Both CD4 + and CD8 + T cells 
are Ag-specific and activated following recognition of Ag-
derived peptides presented at the cell surface by the major 
histocompatibility complex (MHC; MHC class I presents to 
CD8 + T cells, and class II presents to CD4 + T cells) and 
represent the adaptive arm of the immune response. In clini-
cal trials using intramuscular delivery, the rAAV-mediated 
transgene expression has been observed due to induction of 
regulatory T cells (Tregs). Both CD4 + and CD8 + T cells 
expressing forkhead box P3 (FOXP3; the transcription fac-
tor associated with Treg) have been associated with sup-
pression of capsid-specific T cell responses. Additionally, 
the Treg-mediated cytokines can suppress the inflammatory 
effects of CD4 + and CD8 + T cells to enable AAV-medi-
ated gene transduction (7, 8). Natural killer cells represent 
innate mechanism of response and target pathogen-infected 
or transformed cells through the expression of multiple 
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families of activating and inhibitory surface receptors. Both 
T cells and NK cells can secrete interferon-γ (IFN-γ), tumor 
necrosis factor (TNF), and other pro-inflammatory cytokines 
upon stimulation. Importantly, IFN-γ secretion by stimulated 
CD4 + T cells may be more indicative of T cells helping the 
developing B cell (humoral or antibody) response and not 
necessarily associated with cellular cytotoxicity.

Due to the complex nature of gene therapy products, the 
evaluation of immunogenicity would include monitoring 
both humoral and cellular immune responses. Unlike pro-
tein therapeutics, it may be important to describe cellular 
immunity as part of the immunogenicity assessment for gene 
therapy products. Of many mechanisms of innate and adap-
tive immune response against AAV vector components, the 
cytotoxic cell-mediated immunogenicity could have the long-
est term pharmacodynamic impact on the efficacy of treat-
ment. Data collected in early studies of systemic delivery of 
gene therapies for the treatment of liver diseases led to the 
hypothesis that AAV capsid protein-specific cellular immune 
responses, manifested in the form of cytotoxic CD8 + T cells, 
likely target transduced hepatocytes (9). Cytolysis of trans-
duced cells then leads to the release of transaminases, includ-
ing alanine aminotransferase (ALT) and ultimately loss of the 
transgene expression (9). The earliest clinical trials for AAV 
vector-mediated gene therapy for hemophilia B made the ini-
tial observation that an increase in liver transaminases could 
be correlated with a loss of transgene (factor IX) expression 
and that concomitant AAV capsid-specific cellular immune 
response could be detected temporally at related time points 
(10). This was the first study to suggest that immune suppres-
sion may be effective to ameliorate the immune response and 
prevent cell killing. This hypothesis was later put to the test 
in a second clinical trial, also in hemophilia B, where fur-
ther observations were made related to increased ALT, loss 
of factor IX expression, and detection of cellular responses 
(11). Here, a tapering course of glucocorticoid (prednisolone) 
was associated with a decline in ALT and stabilization of 
protein expression. Similarly, AAV capsid-specific cellular 
responses were no longer detectable at later time points (11). 
Together, these data suggested that an AAV capsid-specific 
cellular immune response likely targeted transduced target 
tissue (e.g., liver) inducing cellular cytotoxicity, release of 
liver transaminases, and loss of transgene protein expression, 
symptoms that could be reduced by prednisolone treatment. 
It was proposed that cytotoxic T cell responses may eliminate 
cells containing material transferred by the gene therapy vec-
tor and cause cytotoxicity, although such responses may not 
be consequential for all gene therapies (12).

Measurement of cellular response to AAV capsid pro-
teins could help to determine whether the cellular immune 
response is involved in certain adverse events (AEs) or loss 
of efficacy and evaluate potential strategies to reduce the 
cellular immune response and/or its impact. A risk-based 

immune monitoring strategy during clinical development 
can be proposed and shared as part of the pre-investigational 
new drug (IND) and IND meetings.

Previous work has shown pre-existing cellular immunity 
to the viral capsids in both human and non-human species 
(9). However, the predictive value of such a response on 
safety or transduction efficiency is not clear, and the value 
provided may be minimal. Implementation of a cellular 
immunity-based patient inclusion/exclusion criteria can be 
challenging and should include considerations related to 
indication type, patient medical history, and information 
about potential impact of cellular immunity against AAV 
on specific disease safety and efficacy. The manuscript is not 
intended to discuss the application of AAV-specific cellu-
lar immunity as part of patient treatment eligibility criteria, 
nor cellular immune responses against transgene proteins 
encoded by the AAV vector.

This manuscript aims to present considerations related 
to the value and methodologies for the monitoring of cel-
lular immune responses against AAV capsid proteins during 
clinical studies. The review is focused on the application 
of the enzyme-linked immunosorbent spot (ELISpot) plat-
form as it is currently the most broadly applied technology 
to investigate cellular immunity in patients while providing 
a comparison of ELISpot and other available technologies.

Analysis of Correlation Between Humoral 
and Cellular Immune Responses 
and Application to AAV GTx

Background Information on Humoral and Cellular 
Immune Response to AAV Viral Vectors

Humoral and cellular arms of the adaptive immune system 
are intricately connected and functionally complement each 
other. Antibody-based humoral immunity results in direct 
inactivation of infectious pathogens as well as blockage of 
cellular uptake of a pathogen, both of which contribute to 
the host immune defense. Cellular immune responses can 
eliminate and remove infected cells, thereby preventing 
further production and replication of infectious agents. An 
important mediator between cellular and humoral immune 
mechanisms is CD4 + helper T cells that provides essential 
signaling for effector CD8 + T cells and B cells differentiat-
ing into antibody-producing plasma cells. Because of this 
linkage, a pronounced humoral response may correlate with 
robust cellular immunity.

A possible use of animal models for the purpose of 
predicting clinical impact has been actively investigated 
although it should be noted that a robust cellular immune 
response to the AAV capsid has rarely been observed in 
monkeys. Studies in animal models of AAV-vectored gene 
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transfer have often failed to recapitulate immune-related 
toxicities observed in clinical trials, indicating that the pre-
dictive power of preclinical studies to identify the immune-
mediated limitations of in vivo gene transfer with AAV vec-
tor in the clinic is limited (13). Reported data implicating 
cytotoxic cellular immune responses in targeting AAV-trans-
duced tissues (10, 11, 14, 15) have been difficult to replicate 
in both mice and non-human primates (NHP), the two small 
and large animal models commonly used to assess toxic-
ity preclinically. In NHP, AAV capsid-specific cytotoxic T 
lymphocytes (CTL) derived from prior AAV8 infection were 
ineffective in targeting or eliminating AAV8-transduced 
hepatocytes (16), and in a separate study, AAV2-specific 
CTL were able to lyse transduced cell lines in vitro but were 
unable to target transduced hepatocytes in vivo (17). This 
suggests that cross presentation of AAV-derived peptides 
by transduced hepatocytes was not sufficient to cause their 
elimination by AAV2-specific CTL (18).

Much of what is known about humoral and cellular 
immune responses in humans comes from vaccine research. 
For many of the most effective licensed vaccines, the best 
correlates of protection from an infectious disease are sus-
tained serum antibody titers to a pathogen and the devel-
opment of persisting T cell and B cell memory (19, 20). 
Relatively high variability of protocols designed to detect 
cytotoxic T cells complicates direct comparison with 
humoral immune response. In addition, the biology of 

cellular immune response is highly complex. Effector T cells 
responsible for killing infected cells typically undergo three 
stages of development, including activation/expansion, con-
traction, and differentiation into memory cells. After the ini-
tial stage of activation and expansion, most effector T cells 
die, but a small percentage (under 10%) persists and matures 
into effector memory or central memory T cells (21). Unlike 
detection of antibody-producing plasma cells, there is a rela-
tively narrow window for detection of activated T cells (see 
Fig. 1). Central memory T cells are less predominant and 
harder to detect. Effector memory T cells traffic in blood to 
non-immune tissues and are thought to be detected by most 
ELISpot protocols (22). Central memory T cells reside in 
lymphoid organs and are slow to respond to antigen.

Clinical associations between humoral and cellular 
immune responses to AAV-based therapeutics have been 
assessed for several viral serotypes. Representative exam-
ples are briefly described below.

AAV Viral Vector Encoding a Micro‑dystrophin Transgene

Duchenne muscular dystrophy patients were treated with 
AAV2.5 capsid vector containing micro-dystrophin encoding 
transgene (23). The vector was administered via intramus-
cular (IM) injection at doses ranging between 6 ×  1011 and 
3 ×  1012 vector genomes (vg) accompanied with an immu-
nosuppressive treatment. The laboratory-derived AAV2.5 

Fig. 1  Representative kinetics 
of systemic AAV vector admin-
istration, immune responses, 
and AAV gene expression. Each 
panel shows a representative 
curve after hypothetical AAV 
vector administration. The 
y-axis is expressed in arbitrary 
units; the x-axis begins at 
initial vector infusion and spans 
approximately 75 days. Serum 
genome copies are expected 
to decay after infusion. Innate 
immune responses are expected 
to peak soon after infusion. 
Liver enzyme elevation indicat-
ing liver damage, if expected, 
could occur after initial AAV 
exposure and/or after AAV 
gene expression and adaptive 
immune response
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vector version was generated by introducing mutations in the 
AAV2 capsid. During the study, samples collected from one 
of the trial subjects generated positive signals in the ELISpot 
assay, although the response appeared to be sporadic. There 
were no significant T cell responses to AAV2.5 capsid Ags 
detected in other patients. In addition to the ELISpot method, 
the presence of CD8 + cellular infiltrates was evaluated in 
muscle biopsies. Samples were stained with anti-CD8 + anti-
bodies and showed no statistically significant difference in 
the counts of CD8 + cells between samples collected from 
AAV- and placebo-treated patients. The presence of pre-
existing humoral immunity to AAV2.5 was not an exclusion 
criterion in this study with the rationale that the relevance of 
in vitro assays of vector neutralization before intramuscular 
administration is unknown due to a lack of previous clinical 
data. Samples collected from trial subjects were screened for 
neutralizing antibodies to wild-type AAV2, and the labora-
tory generated AAV2.5 serotype vectors using an in vitro 
transduction protocol. Pre-existing NAbs were detected in 
two subjects to both AAV2 and AAV2.5, with baseline titers 
of 1:800 and 1:100, respectively. Samples collected from 
other subjects were either negative (< 1:2) or produced low 
(1:4) titers. Significant increases in humoral responses were 
observed after AAV2.5 administration. NAb titers increased 
from weeks 2 to 6 and ranged from 50- to 1000-fold over 
the baseline titers. This included the subject that developed 
transient cellular immune response. Overall, no clear asso-
ciation between humoral and cellular anti-AAV2.5 responses 
was reported.

AAV Viral Vector Encoding Lipoprotein Lipase Transgene

Humoral and cellular immune responses against alipogene 
tiparvovec (Glybera®) were evaluated in clinical trials (24). 
Alipogene tiparvovec (Glybera®) is an AAV1-based GTx 
therapeutic designed for the treatment of lipoprotein lipase 
(LPL) deficiency. The vector was administered via IM injec-
tion at doses ranging between 1 ×  1011 and 1 ×  1012 vector 
genome copies (gc) per kg (vc/kg) with or without immu-
nosuppressive treatment, dependent on the study, started 
shortly before vector administration. Of the 26 patients 
admitted to the AT treatment, 15 had pre-existing anti-
AAV1 antibodies. While all AT-treated patients developed 
anti-AAV1 antibody responses, variable and dose-dependent 
cellular immune response against alipogene tiparvovec (Gly-
bera®) AAV1 therapeutic was reported (24-26). No apparent 
relationship was found between pre-existing AAV1 Abs and 
LPL expression after administration of the treatment: 7 of 
the 11 patients with pre-existing anti-AAV1 Abs had LPL 
expression in the biopsy vs. 4 of the 7 patients with no such 
Abs. Anti-AAV1 total Ab (TAb) response was detectable 
at 1 to 2 weeks after administration. Titers remained stable 
over the observation period (up to 52 weeks). There was no 

apparent difference in anti-AAV1 Ab response between stud-
ies and dose cohorts suggesting that dose or immunosup-
pressive regime did not influence anti-AAV1 TAb formation. 
Transient T cell activation was observed in several subjects, 
irrespective of whether immune suppression was applied. 
Moderate and non-persistent T cell responses to AAV1 cap-
sid were observed in several subjects. Overall, no clear cor-
relation was reported between pre-dose TAb-positive status 
and induction of CD8 + response in AT-treated patients.

AAV Viral Vector Encoding Factor VIII Transgene

Long et al. (27) assessed humoral and cellular immune 
response against the investigational AAV5-based therapeu-
tic valoctocogene roxaparvovec (BMN 270, Roctavian®), 
intended for treatment of hemophilia A. The vector was 
administered via single infusion at doses ranging between 
6 ×  1012 and 6 ×  1013 vgs per kg (vg/kg) accompanied by an 
immunosuppressive treatment started after vector adminis-
tration. Patients were screened for pre-existing anti-AAV5 
antibody using TAb and neutralizing (transduction inhibi-
tion TI) antibody detection methods. Only patients who 
screened double-negative were admitted to treatment. All 
subjects seroconverted to AAV5 TAb positive by week 8, 
the first time point assessed post-dosing. Titers remained 
stable during the observation period (up to 3 years). AAV5 
TAb response was not associated with efficacy or safety sig-
nals. Peripheral blood mononuclear cell (PBMC) samples 
collected for up to 3 years following administration were 
tested for anti-AAV5 and transgene protein-specific cellu-
lar immune responses. All patients tested negative for the 
AAV5 cellular immune responses at baseline with several (4 
of 15) becoming positive at a single time point post-admin-
istration while returning to negative status at all subsequent 
time points. Overall, no clear relationship between vector 
infusion-driven TAb response and T cell responses to AAV5 
was reported.

In summary, these case studies suggest no definitive cor-
relation between humoral and cellular (primarily CD8 + T 
cell-mediated with certain AAV serotypes) anti-AAV 
responses in clinical GTx studies.

Examples of Anti‑AAV Cellular Immune 
Response Assessment in Clinical Studies

The most common adverse event reported following sys-
temic administration of AAV gene therapies has been a 
transient increase in liver transaminases, ALT, and aspar-
tate aminotransferase (AST), which is often managed 
using immune-suppressing corticosteroids (28). This has 
been the impetus for a widely held hypothesis, based on 
previously published gene therapy clinical trial data, that a 
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capsid-specific cellular immune response may be stimulated 
by catabolized capsid antigens associated with transduced 
tissues (10). Consequently, these transduced tissues could 
become transient targets for cellular cytotoxicity, resulting in 
a release of transaminases and loss of transgene expression 
(10, 29-31). The time course for degradation and presenta-
tion of capsid antigen on MHC has not been well studied, but 
the inherent stability of the AAV capsid and the sequestra-
tion in perinuclear and nuclear compartments may indicate 
a wide window for targeting AAV-transduced cells (32). 
Corticosteroid treatment in some of these studies reduced 
detectable concentration of transaminases and was associ-
ated with a loss of detectable cellular immune response and 
stabilization of transgene expression. However, the cellular 
immune response may not be the sole cause of liver transam-
inase increases in all cases (27).

Openly available information about cellular responses in 
clinical trials is limited. Examples include development of 
cellular immune response in AAV vector-treated hemophilia 
A and B, LPL deficiency, alpha-1-antitrypsin (AAT) defi-
ciency, early-onset severe retinal dystrophy, and Duchenne 
muscular dystrophy patients (9-11, 23, 24, 27, 33-36). Sum-
mary of case studies briefly described below is presented 
in Table I.

These clinical studies involving AAV vector carrying 
various transgenes reported development of cellular immune 
response to viral capsid proteins and evaluated association 

of such response with various clinical signals, including 
changes in liver transaminase concentrations and decline in 
transgene protein expression. These events were assessed 
for the ability of cell-mediated immune response to destroy 
AAV-transduced hepatocytes.

Immune responses against alipogene tiparvovec (Gly-
bera®), an AAV1-based therapeutic evaluated for treat-
ment of LPL deficiency, were assessed in several clinical 
trials (24). Cellular responses observed in patients treated 
with AT were variable and dose dependent (24, 25, 39). 
For some of the patients, a positive T cell response was 
reported at a single time point only, while for others, posi-
tive responses were reported at two or more time points. 
Response incidences seem to vary between studies and in 
relation to the patient pre-treatment anti-AAV humoral 
response status. Anti-AAV1 cellular immune response was 
evaluated pre-treatment and on days 14, 28, 42, 56, 84, 98, 
182, and 273 and 1 year after treatment. Positive responses 
were observed as soon as day 14 after treatment. Impor-
tantly, transgene protein (LPL) expression in patients evalu-
ated for the presence of AAV1-specific T cell response was 
similar between groups of patients who were positive and 
negative for the cellular response (24). In separate studies 
investigating alipogene tiparvovec (Glybera®), patients were 
treated with immunosuppressive agents including cyclo-
sporine, mycophenolate mofetil, and methylprednisolone. 
Incidence of cellular response in studies with and without 

Table I  Case Studies of Cellular Immunogenicity in Clinical AAV Modality-Based Gene Therapy Studies

Indication Name AAV serotype Route Cellular immune 
response type

Impact in clinical 
investigations

Reference

Lipoprotein lipase 
(LPL) deficiency

Alipogene tiparvo-
vec (Glybera®)

AAV1 Intramuscular injec-
tions

Moderate and non-
persistent

No direct correlation 
with transgene 
expression

(24, 25, 37, 38)

Hemophilia B AAV-2-FIX AAV2 Hepatic artery Detected in evalu-
ated subjects

Associated with 
loss of transgene 
expression

(10)

Hemophilia B scAAV2/8-LP1-
hFIXco

AAV8 Peripheral vein 
infusion

Transient and dose 
dependent

Associated with 
loss of transgene 
expression

(11)

Hemophilia A Valoctocogene 
roxaparvovec 
(Roctavian®)

AAV5 Intravenous infusion Sporadic None (27)

Alpha-1 antitrypsin 
(AAT) deficiency

rAAV1-CB-hAAT AAV1 Intramuscular injec-
tions

Persistent No direct correlation 
with transgene 
expression

(33)

Retinal dystrophy 
associated with 
retinal pigment 
epithelium-specific 
protein mutation 
(RPE65)

tgAAG76 (rAAV 
2/2.hRPE65p.
hRPE65)

AAV2 Subretinal injection None None (34, 35)

Duchenne muscular 
dystrophy patients

rAAV2.5-CMV-
minidystrophin 
(d3990)

AAV2.5 Intramuscular injec-
tions

None None (23)
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immunosuppression was considered as comparable, showing 
no correlation with the transgene protein expression levels. 
Adverse reactions reported during AT trials were mostly 
deemed as related to the administration procedure and were 
transient in nature. An increase in creatine phosphokinase 
and C-reactive protein was reported in one patient and was 
correlated with low level anti-AAV1 cellular response. This 
subject tested positive for an anti-AAV T cell response 
at some but not all assessments during the study. Robust 
transgene expression was found in biopsy samples collected 
from the subject.

Anti-AAV1 capsid-specific cellular immune responses 
were evaluated in patients treated with AAT transgene 
carrying AAV1 vector (33). The vector was administered 
via IM injection at doses ranging between 6.9 ×  1012 and 
6.0 ×  1013 vgs. Sustained expression of AAT was detected 
1 year after the initial dose in patients treated at the highest 
dose (3.0 ×  1013 vector genome particles per patient) with all 
subjects testing positive for the development of anti-AAV1 
capsid-specific cellular immune response. Testing was con-
ducted on pre-treatment; days 14, 30, 45, 60, 75, and 90; and 
1 year after treatment. Positive responses were reported as 
early as day 14. Patients remained positive for anti-AAV1 
cellular immune activity on day 90 or later. Overall, persis-
tent expression of transgene protein in patients positive for 
anti-capsid T cell immune response was reported.

A dose-dependent response level of cellular immune 
response against AAV8 capsid proteins was reported in a 
study where patients were treated with AAV8 carrying factor 
IX transgene (11). While no significant AAV8 capsid-spe-
cific T cell response was reported in patients treated at the 
low dose (2 ×  1011 vg/kg), a significant incidence of response 
was observed at the intermediate dose level (6 ×  1011 vg per 
kilogram). The presence of anti-AAV8-specific T cells was 
observed in patients treated at the highest dose tested in 
the study (2 ×  1012 vg per kilogram) which, in some cases, 
coincided with the increase in liver enzyme levels. Impor-
tantly, for most of the patients, T cell responses significantly 
subsided or became negative by study week 20 or later. No 
hepatocellular injury was reported suggesting that presence 
and levels of circulating capsid-specific T cells were not suf-
ficient for immune-mediated clearance of vector-transduced 
cells (11).

Lack of cellular immune response against AAV2-based 
vector was reported in studies aiming to develop treatment 
for early-onset, severe retinal dystrophy caused by mutations 
in the gene encoding retinal pigment epithelium-specific 
65 kDa protein (RPE65) (34, 35) by subretinal administra-
tion of GTx. The vector was administered via uniocular sub-
retinal injection at 5.96 ×  1010 or 1 ×  1011 vgs per injection 
accompanied by an immunosuppressive treatment. Due to 
local administration to an immune-privileged site, low sys-
temic exposure was expected. ELISpot method demonstrated 

lack of specific T cell activation following trial subjects’ 
PBMC co-culture with the AAV2 vector (34) or with a 
library of AAV2 peptide pools (35).

Similarly, no substantial cellular immune response was 
reported against AAV2.5 capsid in a trial of Duchenne mus-
cular dystrophy patients in which IM administration of the 
vector was accompanied by an immunosuppressive treat-
ment (23). The laboratory-derived AAV2.5 vector version 
was generated by introducing a limited number of mutations 
in the AAV2 capsid. Some of the samples from several sub-
jects generated positive signal in the ELISpot assay although 
overall response appeared to be intermittent.

Long et al. reported on assessment of cellular immune 
response against experimental AAV5-based therapeutic 
valoctocogene roxaparvovec (Roctavian®) (27). Samples 
collected during first in human phase 1/2 study were tested 
for the presence of anti-AAV5 and transgene protein-specific 
cellular immune responses using IFN-γ and TNF FluoroS-
pot assay. Samples were collected at baseline and gener-
ally every 2–4 weeks during the first 6 months, 4–8 weeks 
through the rest of year 1, and every 3 months thereafter. 
While all patients (n = 15) tested negative for the AAV5-
specific cellular response at the baseline, 4 of the 15 patients 
tested positive at a single time point post-administration and 
negative at all subsequent time points. Positive responses 
were observed on weeks 8, 36, and 44 and past 18 months 
after treatment. Overall, sporadic positive cellular immune 
responses were reported in several of the treated patients 
with no definitive relationship with vector infusion, reported 
safety events, or impact on efficacy of treatment. Pairwise 
comparative analysis of IFN-γ and TNF-α positive and 
negative responses with liver enzyme (ALT, safety signal) 
and factor VIII (FVIII) (efficacy signal) activity showed no 
clear and apparent association. Observed cellular immune 
response may have been impacted by the administration 
of corticosteroids during the first several weeks after gene 
transfer in most of the subjects enrolled. Separately, Patton et 
al. (36) reported that in the phase 3 study for valoctocogene 
roxaparvovec (Roctavian®), a transition was made from a 
well-characterized, multiplexed FluoroSpot assay used in the 
phase ½ study to a validated, colorimetric, single-endpoint 
IFN-γ ELISpot assay to focus testing on the most established 
cytokine-based assessment used as a marker for cellular 
immune responses specific for AAV (36). It was proposed 
that ELISpot is generally appropriate for the assessment of 
CD8 + T cell anti-AAV responses in the clinic. Analysis of 
data generated for the first 16 subjects showed most tested 
positive for cellular immune response with a peak incidence 
at week 2 following dose administration with response 
declining over time.

At the time when this manuscript is written, there are 
several approved in vivo AAV gene therapies, Luxturna®, 
Zolgensma®, Roctavian®, Hemgenix®, and Upstaza® 



 The AAPS Journal           (2023) 25:47 

1 3

   47  Page 8 of 25

(40-43). Zolgensma® (onasemnogene abeparvovec-xioi) 
is indicated to be dosed at 1.1 ×  1014 vg/kg by intravenous 
infusion (40). The recommended dose for Hemgenix® (etra-
nacogene dezaparvovec) is 2 ×  1013 gc/kg by intravenous 
infusion (43), while Luxturna® (voretigene neparvovec) is 
indicated to be dosed at 1.5 ×  1011 vg by subretinal injection 
(44). The recommended dose for Roctavian® (valoctoco-
gene roxaparvovec) is 6 ×  1013 vg/kg by single intravenous 
infusion (42), and Upstaza® (eladocagene exuparvovec) is 
indicated to be administered at total dose of 1.8 ×  1011 vg by 
bilateral intraputaminal infusion (45). The cellular immune 
response to the Upstaza® was not measured.

Zolgensma® and Luxturna® package inserts do not dis-
cuss cellular immune response to the vector (40, 41). In the 
US Food and Drug Administration (FDA) Clinical Review 
Document (46) for Zolgensma®, it was noted that four sub-
jects in study CL-101 experienced elevated aminotrans-
ferases. For 3 subjects, the elevation of aminotransferase 
levels appeared to correlate with a greater T cell response 
to AAV9, as indicated by the increased number of spots 
forming cells per 1 ×  106 PBMCs. In 1 subject, the eleva-
tion of aminotransferase levels was not associated with a 
greater T cell response to AAV9 (46). For subjects who did 
not experience elevation of aminotransferases, increased T 
cell responses to AAV9 were observed in some cases. The 
reviewer concluded that “Responses measured from T cells 
in the blood may not be well-correlated with T cell responses 
in the liver.” (46). The European Public Assessment Report 
(EPAR) notes that after treatment, T cell-mediated immu-
nogenicity against AAV9 was detected in all patients as 
measured by ELISpot. In patients with the highest ELIS-
pot values, similar responses in the CHOP-INTEND (Chil-
dren’s Hospital of Philadelphia Infant Test of Neuromuscu-
lar Disorders) score and motor milestone achievement were 
observed as compared to patients with lower ELISpot val-
ues. This suggests that there was no identifiable relationship 
between baseline and post-baseline ELISpot signal and effi-
cacy (47). It should be noted that all subjects except the first 
subject in study AVXS-101-CL-101 were pre-treated with 
prednisolone (1 mg/kg/day) to reduce the risk of immune-
mediated liver toxicity (47).

During the development of Luxturna®, limited cyto-
toxic T cell responses to either AAV2 vector capsid or 
transgene product RPE65 were reported in a phase 3 study 
(44). The FDA’s Summary Basis of Approval (SBA) notes 
that in study 101, there were no T cell responses to AAV 
capsid or RPE65 (n = 12). In study 102, 6 out of the 11 
subjects had a low response at a single time point. In study 
301 (n = 21), there were 2 subjects with a low response at a 
single time point and one subject with a medium response 
at a single time point. In study 302 (n = 9), there were 3 
subjects with a low response, 1 subject with a medium 

response, and 1 subject with a high response (44). How-
ever, the definition of what is a low, medium, or high 
response is not clear and will vary from sponsor to spon-
sor, particularly in the absence of a uniform approach to 
standardization of ELISpot assays. There is no mention of 
a cellular immune response in the Luxturna® EPAR (48).

The Roctavian® EPAR states that treated patients were 
tested for cellular immune responses against AAV5 capsid 
and the FVIII transgene product using an IFN-γ ELISpot 
assay (42). AAV5 capsid cellular immune responses were 
detected beginning at week 2 following dose administra-
tion and often declined or reverted to negative over the 
first 52 weeks in most patients with available data. AAV5 
capsid-specific cellular immune responses were associated 
with higher ALT values at matched time points. FVIII-
specific responses were detected in fewer subjects, often 
sporadically at a single time point and reverting to nega-
tive in most patients. No association between FVIII cellu-
lar immune response and ALT or FVIII activity measures 
could be detected (42).

These examples demonstrate the need for a readily 
accessible and reliable biomarker strategy that will inform 
about the level of impact of cellular immunogenicity on 
safety and/or efficacy of AAV-based treatment. Serum 
transaminases and creatine kinase (CK) have been often 
viewed as indicators of liver and muscle damage, respec-
tively, although the use of these safety biomarkers can be 
confounded by specific disease pathology. Efficacy bio-
markers vary depending on the indication and may not be 
available for all conditions. It is difficult to draw a uni-
form inference regarding the impact of cellular immune 
responses on safety and efficacy of AAV-based treatment. 
Diversity of programs with available information, includ-
ing diversity of the dose, use of immunosuppressive treat-
ments, and route of administration, presents a barrier for 
making an overarching conclusion. An aligned strategy of 
sample collection is required to clearly demonstrate con-
nection between cellular immune response and observed 
changes in biomarker levels. Without determining the cel-
lular immune response-effect relationship, the selection of 
a threshold value for the cellular immune response with 
respect to a cause for concern, and potentially triggering 
an immunosuppressive treatment, may become arbitrary 
and not warranted. Access to data generated via aligned 
sampling can allow for a hypothesis-driven data analysis 
which may include understanding of the level of observed 
impact and associated mitigation strategy. A disconnect 
between clinical safety symptoms and the timing of rel-
evant sample collection can impede the ability to perform 
a correlative analysis of the cellular immune response’s 
impact on clinical PD and efficacy.
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Risk‑Based Approach to Cellular Immune 
Response Assessment

The number of AAV-mediated gene therapies under inves-
tigation for the treatment of monogenic disorders has 
quickly increased over the past decade with many spon-
sored programs ranging across all stages of clinical devel-
opment (49). Following several early studies in hemo-
philia B where cellular immune responses specific for the 
AAV capsid protein were associated with increased liver 
transaminases and a decline in transgene expression, the 
evaluation of cellular immune responses has been incor-
porated into many of clinical immunogenicity monitoring 
plans (10, 11, 14).

Cellular immunity assessment for gene therapy-based 
therapeutics can help identify if immune responses nega-
tively impact safety and efficacy and, if so, what risk 
mitigation strategies may be employed. Often, patient 
populations are of young age, while high blood volumes 
are required for the testing. The evaluation of cellular 
immune responses in gene therapy trials should be based 
on a meaningful trigger where the analysis would foster 
further understanding of potential impact on safety and 
exposure/efficacy endpoints.

The following are hypothetical examples highlighting 
various risk levels associated with the development of cel-
lular immune responses to AAV capsid proteins. Param-
eters to consider in the evaluation of cellular immune 
response risk in these case studies are as follows:

• Route of administration, for example, intravenous (IV), 
intrathecal (IT), intravitreal (IVT), intramuscular (IM), 
and subretinal

• Immune-privileged (versus immune robust) status of 
the site of administration

• Dose (high or low)
• Local site concentration vs. systemic concentration
• Presence or absence of pre-existing TAb and NAb

Scenario 1 Subretinal administration of an AAV-based gene 
therapy to deliver a functional RPE65 gene will be consid-
ered a low risk because (a) the vector is administered to an 
artificial space that is created by the act of injection, (b) the 
dose is low (administered as a flat dose rather than a body 
weight adjusted dose and limited by dose volume and drug 
product concentration), and (c) the GTx is diluted by the 
time it reaches the circulation (i.e., the systemic exposure to 
the GTx is low). Consequently, the likelihood of develop-
ing a systemic humoral or cellular response is low. The eye 
is regarded as an immune-privileged space which does not 
mean that an immune response cannot be mounted in the 

eye or that inflammation does not occur, but that immune 
responses in the eye are different from those generated sys-
temically. The anatomy of the eye is such that it is difficult 
for antibodies and immune cells to distribute from the sys-
temic circulation to the eye (50, 51). These considerations, 
coupled with the extreme difficulty, if not infeasibility, to 
acquire ocular immune monitoring samples, would make 
the detection of a humoral or cellular immune response to 
an ocular gene therapy of low scientific value, and hence, 
such assessments may not be required (52, 53).

Scenario 2 AAV-based gene therapy intended primarily for 
treatment of pediatric patients, administered intramuscularly 
to replace a defective structural protein gene (e.g., dystro-
phin gene in muscle tissue), will be considered as moderate 
to high risk, as the vector is administered in an immune 
competent, highly vascularized space.

Scenario 3 AAV-based gene therapy intended primarily for 
treatment of adult patients, administered intravenously to 
replace a defective clotting factor gene in the liver, would be 
considered a high immunogenicity risk, as the viral vector is 
administered systemically to distribute via the circulation to 
the target tissue. In this case, the likelihood of cell-mediated 
immune responses is high. Previous clinical data have shown 
that cytolytic T cell activity, based on the mechanisms 
described earlier in the manuscript, tentatively eliminat-
ing cells transduced with AAV and elevated liver enzymes, 
can be expected (10, 28). High-risk potential for cellular 
response to capsid proteins may be expected for other AAV 
treatment administered systemically at high doses. Although 
liver-directed transfer is considered high risk, there are also 
studies indicating that targeting liver can induce tolerance 
to the transgene expressed protein (54, 55).

The decision to collect samples for the assessment of cel-
lular immune responses may be made based upon several 
factors. Firstly, is there a scientific rationale (often based 
upon data from previous studies) for a role of the cellular 
immune response in safety and/or loss of efficacy of the 
gene therapy? Secondly, is there a scientific rationale for 
a cellular immune response in the blood to serve as a sur-
rogate for a cellular immune response in a tissue (e.g., a 
cellular immune response in the eye for subretinally admin-
istered GTxs)? Thirdly, can a sufficient number of samples 
be collected to be able to assess the impact of the cellular 
immune response on safety and/or efficacy? Ideally, two or 
more samples should be collected prior to dosing in order 
to establish a baseline against which to evaluate the post-
dose response. Several post-treatment samples should be 
collected with the sampling being relatively intensive in the 
first 4–6 weeks post-dose (i.e., when transaminase increases 
may be observed). The first post-treatment sample should 
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ideally be collected before week 4; collection should con-
tinue at every 2 to 4 weeks during initial study period (e.g., 
6 months). Sample collection frequency may be reduced to 
every 4 to 12 weeks during later phases of the study. Such 
a sample collection schedule is possible for adult patients. 
However, for pediatric patients, this may not be practical due 
to the large volume of blood that will be required. Therefore, 
for GTx administered by certain routes of administration 
(e.g., subretinal) and for certain patient populations (e.g., 
pediatric), default collection of samples for the assessment 
of a cellular immune response may not be necessary or war-
ranted. Collected samples can be banked and tested based 
on the risk factors described below.

Factors that may trigger a decision to conduct cellular 
immunogenicity evaluations are listed below.

• Lack of persistence of vector DNA in target tissues, unex-
pected clinical pharmacodynamics (PD), and unexpected 
lack of efficacy in the absence of detectable humoral 
immune response

• Unexpected safety signals that cannot be explained by 
other assessments or require additional evaluation

• Suspected presence of memory CTL prior to administra-
tion or re-administration of GTx vectors

• Route of administration
• Administration to non-immune-privileged site
• Expected systemic exposure
• High administered dose

Together, these factors are summarized in a decision tree 
presented in Fig. 2.

Unlike pre-existing serotype-specific humoral response 
assessed prior to treatment, cellular immunogenicity assess-
ment is generally not considered relevant for the enrollment 
of study subjects or patients. Cellular immune response 
assessments to detect CTL responses against viral capsids 
have been performed for systemically administered viral 
vectors to explain adverse events such as elevated transami-
nases and loss of exposure or expression of transgene protein 
(56). The specifics of patient population and nature of the 
disease would be key drivers in developing a cellular immu-
nogenicity strategy. As a critical factor, the state and sever-
ity of disease as well as the age of subjects, as studies are 
often conducted in pediatric populations, could limit ability 
for cellular immunogenicity assessment due to limitations 
in blood sample collection. Requirement for assessing of 
pre-existing cellular immunity was kept out of scope of this 
publication.

Fig. 2  Decision tree for implementation of cellular immunogenicity 
assays in AAV modality-based gene therapy clinical studies. Strategy 
is developed using a multi-factorial approach. Evidence of TAb and/
or NAb response and immune tolerance status of site/tissue of admin-
istration are important factors to consider. Other parameters such as 

PD, lack of persistence of vector DNA in target tissue, and unex-
pected safety signals that may suggest evidence of immune-mediated 
toxicity should be evaluated prior to the decision to conduct assess-
ment of cellular immune response in blood compartment
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The assessment of cellular immune response to AAV 
capsid proteins has been performed to address cytotoxicity 
and loss of transduced cells as detailed above. Such adverse 
events were noted during systemic delivery of viral capsids 
to the muscle and liver. It is also evident that within tissues, 
transduced cells may either become inflamed or tolerogenic 
to the expressed protein (57, 58). A comprehensive risk 
assessment strategy to determine whether, when, and how 
to detect cellular immune responses to AAV vector would 
require a systematic look at the risk factors. This may begin 
with assessing cellular reactivity to AAV serotype in the tar-
get population to identify motifs in capsids that could poten-
tially prime and activate innate response, tissue-specific risk 
and associated cell populations with Ag uptake, processing 
and presentation ability, and ability of T cells to be recruited 
to the tissue site and elicit an inflammatory or regulatory 
response. The disease state and patient demographics (age, 
population of origin, the type of gene defect leading to pro-
tein deficiency vs. splicing or point mutations) can all influ-
ence the strategy.

Analytical Methodologies

At the single cell level, cellular immunogenicity is typically 
assessed with ELISpot, a fluorescence-based ELISpot vari-
ant (FluoroSpot) or flow cytometry-based assays in which 
peripheral blood mononuclear cells (PBMC) are tested for 
ability to produce cytokines (most commonly IFN-γ) or 
other soluble factors (e.g., granzyme B) in response to spe-
cific Ags. While ELISpot detects one cytokine at a time, 
recent advancements with the FluoroSpot technology allow 
for the simultaneous detection of up to 4 analytes. Flow 
cytometry-based assays enable the simultaneous detection 
of even more cytokines, along with providing the ability to 
phenotype the cells. The complex features of flow cytom-
etry methods come with increased demands for experimental 
and analytical expertise and validation. ELISpot, FluoroS-
pot, and flow cytometry assays are highly sensitive and can 
detect functional immune cells at very low frequencies. The 
“Analytical Methodologies” section describes these assays 
in more detail, focusing on the key elements for reliable 
assay performance and outcome. These key elements include 
(1) sample preparation, (2) Ags used to elicit and measure 
specific responses, and (3) critical assay performance param-
eters and controls. While the context for sample preparation 
and Ag formats are exchangeable between all assays, the 
assay performance section focusses on the ELISpot-based 
protocols as the presently most prevalent technology.

ELISpot and intracellular cytokine staining (ICS) assays 
have been employed for many years in the vaccine devel-
opment field to identify antigen-specific immune responses 
at the single cell level (59-62). In the gene therapy space, 

the ELISpot and ICS methodologies have been adopted to 
study undesirable cellular immunogenicity against the gene 
delivery vector and the product expressed from the transgene 
(63). Both ELISpot and ICS protocols allow detection of 
cytokine-producing immune cells in very low abundance. 
The detection sensitivity of both assays is dependent on the 
background reactivity levels of tested immune cells that 
spontaneously produce cytokines and are majorly affected by 
procedures the cells are subjected to, as well as the reagents, 
including serum and antigens used for the functional assays 
as discussed in the following section (64). Table II summa-
rizes advantages and limitations of ELISpot-, FluoroSpot-, 
and ICS-based assays.

ELISpot and FluoroSpot Analytical Platforms

ELISpot and FluoroSpot analytical platforms support the 
development of highly sensitive, microplate-based func-
tional assays designed for the detection and enumeration of 
cytokine generation by immune cells. The initial method was 
developed based on standard ELISA assays to measure anti-
body secretion from B cells (66) and has since been broadly 
used to monitor adaptive immune responses in humans and 
animals. ELISpot assays have gained popularity as they can 
assess critical cellular immune-related activities such as 
IFN-γ secretion and granzyme B release and are adaptable 
to the evaluation of a variety of T cell, B cell, and innate 
immune cell functions.

ELISpot is typically performed using polyvinylidene dif-
luoride (PVDF, preferred) or nitrocellulose (less favorable) 
membrane 96-well plates coated with a cytokine specific 
antibody. Pre-coated commercial kits are broadly available. 
Plates are commonly blocked with test media to reduce non-
specific binding. Control and test stimulant solutions are 
added to the designated wells aiming to achieve the desired 
final concentration after subsequent PBMC sample addition. 
Assays are typically optimized on the cell number, concen-
tration of stimulant, and other parameters (67). Typically, 
200,000 to 400,000 of PBMC cells/well (for a 96-well plate) 
are used when analyzing antigen-specific responses in a T 
cell ELISpot assay. For the positive control stimulation, the 
number of cells per well can be reduced if a strong response 
is expected (67).

Cells are stimulated for approximately 24 h (e.g., to 
stimulate IFN-γ production) with the peptide pools from the 
test or control antigens. Due to the inherent variability of 
cell-based assays, samples are often assessed in triplicates. 
Cytokines (e.g., IFN-γ) secreted by responding T cell will 
bind to the anti-cytokine antibody pre-coated on the plate 
membrane. A detection antibody system is used to detect 
membrane captured cytokine via production of colored or 
fluorescence emitting spots that are detected by employ-
ing ELISpot and FluoroSpot instrumentation, respectively. 
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Cytokine-secreting cells are represented by spots, which 
can be counted by automated reader instruments. Detailed 
harmonization guidelines for the performance of an IFN-γ 
ELISpot assay and the evaluation of ELISpot plates have 
been established in large, field-wide efforts (68, 69). The 
FluoroSpot technology offers the option of multiplexed 
analysis where multiple cytokines are detected in the assay. 
This approach allows for an assessment of cellular poly-
functionality; e.g., the analysis of 3 cytokines in one well 
can detect up to 7 subpopulations, while the analysis of 4 
cytokines potentially detects 15 subpopulations of respond-
ing cells (70, 71). The rising number of different analytes 
in the assay does, however, increase the complexity of the 
assay development and qualification exercise, as well as the 
instrumentation platform used in the assay.

The major limitation of both ELISpot and FluoroSpot 
platforms is the high sample volume constraint that is based 
on the required number of cells needed for the analysis. 
When assessing multiple test conditions with samples plated 
in triplicate, there may be insufficient cells available to eval-
uate all test conditions, potentially necessitating establishing 
a sample testing priority plan.

Intracellular Cytokine Staining Flow 
Cytometry‑Based Methodology

Intracellular cytokine staining is an alternative methodol-
ogy for detecting antigen-specific cytokine production at a 
single cell level. In the ICS protocol, PBMCs are first incu-
bated in the presence of a stimulating agent, e.g., a peptide 
pool, similar to what is done in an ELISpot-based protocol. 
Recognition of these peptide sequences by T lymphocytes 
results in the productions of IFN-γ and potentially other 
target cytokines in these cells. To prevent such cytokines 
from being secreted, brefeldin A (72) and/or monensin (73), 
which interfere with protein transport through the Golgi 
apparatus, are added to the stimulation cultures. Cytokines 
accumulated intracellularly are then identified by ICS. Stim-
ulation cultures are usually performed overnight (~ 16 h), 
though the optimal incubation time depends on the nature 
of the stimulating antigen and analyte measured and needs 
to be determined during assay development.

Following the stimulation step, samples are incubated 
with a viability dye that will allow the exclusion of dead 
cells, which can non-specifically interact with Abs while 
also displaying increased autofluorescence (74, 75). This 
step is crucial in reducing background staining, thus 
increasing assay sensitivity. This is followed by block-
ing any Fc-receptors prior to incubating with fluorescently 
conjugated Abs to extracellular markers. Cells are washed, 
fixed, and permeabilized to allow for staining of intracel-
lular molecules, such as the captured cytokines (e.g., IFN-
γ). Other staining strategies exist and need to be evaluated 

during the assay development phase (76). As part of the 
assay development, all fluorescently conjugated Abs need 
to be carefully titrated (76) for the specific application 
(extracellular vs. intracellular staining, cell type, following 
the specific antigen stimulation culture conditions, etc.). 
The more markers are being interrogated in the assay, the 
more information regarding the identity of cytokine-pro-
ducing cells can be obtained, and the higher the level of 
cytokine multiplexing that can be achieved. This allows 
for a more precise identification of the active players in 
an immune response. However, increasing the number of 
reagents used in an ICS assay will increase its complexity 
and thereby the effort and time required to appropriately 
troubleshoot the reagent panel during assay development 
to ensure that all analytes can be discerned unequivo-
cally. Following a final thorough washing of cells, the 
samples are evaluated on a flow cytometer. Depending on 
the capabilities of the flow cytometer used, an ICS assay 
can include 40 + analytes, though it is advisable not to 
include more fluorescent reagents than necessary, as each 
additional reagent can result in reduced assay sensitivity 
for individual analytes. To deconvolute the fluorescent sig-
natures obtained, single stained control samples are also 
acquired, which are necessary for the creation of a com-
pensation matrix. This is then applied to all experimental 
samples, as well as biological controls, and allows for the 
separation of signals obtained from the different fluores-
cent molecules included in the assay. The resulting data 
are then analyzed by sequential gating, which first aims 
to exclude any unwanted events (such as cell aggregates, 
irrelevant cell types, and dead cells) before identifying cell 
types and subsets of interest. Within these, cytokine pro-
duction is then investigated. The proper gating hierarchy 
is key to obtaining meaningful data.

Whereas both ELISpot and ICS yield a count for 
cytokine-secreting cells, ICS bears unique advantages, as 
it allows for the detection of multiple cytokines within a 
single cellular aliquot through multiplex staining. Addition-
ally, ICS makes it possible to identify and enumerate T cell 
subpopulations that secrete the target cytokines. Further-
more, the presence and activation phenotype of Treg can be 
interrogated in parallel to assess their potential influence on 
effector T cells. This phenotyping feature is a key advantage 
of ICS over ELISpot. Larger cell numbers can be interro-
gated per well or tube than in an ELISpot or FluoroSpot 
assay, allowing for the analysis of cytokine production even 
within rare cellular subsets without the need of enriching 
them prior to ICS testing. The major limitation of the ICS 
methodology is the potential for non-specific binding, which 
results in reduced signal-to-noise ratio, as well as spillover 
spreading that can reduce detection sensitivity for specific 
fluorochromes and thereby the associated analyte (77). The 
goal of assay optimization strategies, as well as the use of 
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appropriate controls, is to limit such effects, maximizing 
overall assay sensitivity (78).

PBMC Isolation, Freezing, and Thawing

Cellular immunogenicity assays that assess antigen-specific 
T cell activation are usually performed with either freshly 
isolated or cryopreserved PBMCs. In the clinical setting, 
where samples are collected from study subjects at multiple 
time points to monitor cell-mediated immune responses to 
the treatment, it is common to collect samples and analyze in 
batches to reduce potential run to run variability, assuming 
appropriate stability has been shown (79).

Blood samples are drawn into citrate or heparin-contain-
ing blood collection tubes for later isolation of PBMCs or 
into collection tubes specifically designed for immediate 
cell separation. Collection in heparin-containing tubes is 
viewed as favorable for functional studies (80), while blood 
collection into ethylenediaminetetraacetic acid (EDTA)-
containing tubes may lead to reduced stability and is not 
favored (81). Blood samples are centrifuged to isolate 
PBMCs using a high-density medium such as polysucrose 
sodium metrizoate (e.g., Ficoll-Paque®, Lymphoprep™, 
and Histopaque®). Care needs to be taken to avoid inadvert-
ent mixing of cell layers aiming to reduce processing incon-
sistencies. Detailed review of PBMC isolation and handling 
technique can be found elsewhere (63). Properly prepared 
and stored PBMC material can be retained for an extended 
period while remaining unresponsive to mock stimulation 
and consistently yielding a positive response to multiple 
stimuli (36, 82).

Current data suggest that PBMCs should ideally be iso-
lated and frozen (or used in an assay) within approximately 
8 h of blood sample collection to preserve cell functionality 
for optimal sensitivity (83) (84). Extended duration of blood 
sample storage prior to PBMC separation may result in gran-
ulocyte activation. This could lead to granulocyte co-separa-
tion with PBMCs in density gradient-based protocols and, to 
the extent that granulocytes survive cryopreservation, inac-
curate PBMC cell counts later. Co-separated granulocytes 
may also bind to the ELISpot capture antibody reagent via 
their Fc receptor and disrupt the spot formation (85, 86). 
Furthermore, activated granulocytes release hydrogen per-
oxide and downregulate the CD3- ζ chain expression, both 
leading to decreased T cell functionality (87, 88). Overall, 
it is advised to consider timely PBMC isolation and preser-
vation in liquid nitrogen at the site of blood collection or a 
nearby central laboratory, prior to their shipment and analy-
sis at the bioanalytical laboratory. Preparation of PBMC 
samples within 8 h of blood sample collection may be chal-
lenging in a real clinical trial setting. It will be critical to 
understand the impact of specific preparation conditions on 
the quality of the resulting PBMCs. An attractive solution is 

offered by cell preparation tubes (e.g., Vacutainer® CPT™ 
(89)) that can be applied for both blood sample collection 
and cellular component isolation, enabling effective granulo-
cyte separation by centrifugation directly at the clinical site. 
These tubes can then be shipped to the central laboratory for 
further processing.

To avoid cell loss, cryopreserved PBMC samples should 
be quickly thawed, preferably in a water bath at 37 °C and 
transferred to pre-heated wash media. Cell suspensions may 
be treated with nuclease to prevent cell clumping while con-
sidering that excessive exposure may result in cell death by 
apoptosis (90, 91). After pelleting cells by low-speed centrif-
ugation and gentle washing by resuspension in wash media, 
PBMCs are examined for viability and total cell count (92). 
The viable cell count should be used for calculating cell dilu-
tions for the assay to obtain the desired seeding density. It 
has been shown that the functionality of CD4 + and CD8 + T 
cells dramatically decreases with an increased number of 
apoptotic cells in a PBMC sample preparation as assessed 
by ELISpot (93, 94). It is recommended to only use PBMCs 
with a viability at or above 70% in functional assays (95, 
96). It was reported that INF-γ ELISpot data obtained from 
samples containing > 18% apoptotic cells were erratic and 
did not reflect the true frequency of responder cells in the 
affected biological sample (93).

The challenges of limited sample volume, low cell viabil-
ity, and the potential for high degree of apoptosis need to be 
recognized and proactively addressed. Mitigation strategies 
include the following:

• Establishing and verifying laboratory procedures opti-
mized for PBMC isolation and storage

• Optimizing such protocols for the purposes of a specific 
trial

• Introducing additional steps that may improve PBMC 
performance, for example, resting cells after thaw-
ing. Resting may reduce the number of apoptotic cells 
and most importantly resets T cell functionality to an 
improved, tissue-like state, although it has a potential to 
impact PBMC recovery (97-100).

• Using viable cell count when calculating final cell dilu-
tion in the assay

• Applying the lowest cell count of the linear range as 
established during assay validation, while ensuring that 
this cell number is sufficient to achieve the desired assay 
sensitivity

• Establishing a priority plating strategy (step-by-step 
exclusion of wells from being tested, based on the prior-
ity of data)

• Flagging samples with viability below 70% as reduced 
antigen-specific responses may be expected

• Considering the use of an internal donor control reac-
tivity (e.g., against CEF, a lyophilized mixture of pep-
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tides from cytomegalovirus (CMV), Epstein-Barr virus 
(EBV), and influenza virus) to compare sample function-
ality across time points

Antigen Quality and Preparation

Peptide pools are typically used as antigen presentation when 
evaluating cellular immunity by ELISpot or similar methods. 
Peptides are either purchased commercially or custom made 
based on the sequences of the viral vector. It is a common 
practice to prepare pools containing 15-amino acid (aa) pep-
tides with an overlap of 10–12 aa (101, 102). Together, the 
appropriate peptide length and overlap decrease potential 
risks of overlooking stimulating amino acid sequences and 
enable for simultaneous detection of CD4 + and CD8 + T 
cell responses in the absence of information about patients’ 
human leukocyte antigen (HLA) type. Overlapping pep-
tide pools spanning the entire protein sequence allow the 
presentation of all possible epitopes of that protein (103). 
Smaller sized peptide pools (< 30 peptides/pool) may exhibit 
a higher sensitivity in detecting responses than pools with 
higher number of peptides (104). In general, it is recom-
mended to use peptide pools containing no more than 100 
peptides.

As peptide pools are usually received in lyophilized form, 
material needs to be reconstituted using dimethyl sulfox-
ide (DMSO) and cell media with the understanding that 
the final concentration of DMSO in solutions applied to 
the cells should be below 0.5% and preferably at or below 
0.1% to avoid toxicity. Peptides should be kept lyophilized, 
if possible, to avoid degradation resulting from e.g., oxi-
dation of cysteine groups in the presence of DMSO. It is 
recommended to store peptide solutions in small aliquots 
at − 80℃ while avoiding repeated freeze/thaw cycles. The 
concentration of a peptide pool indicates the concentration 
of each peptide in that pool. Thus, adding a peptide pool for 
a final concentration of 5 µg/mL will add 5 µg/mL of each 
peptide contained in that pool. For functional assays, the 
final peptide concentration should typically be between 0.5 
and 10 µg/mL.

The presence of contaminants in the peptide prepara-
tions may result in impacted assay performance and lead to 
false-positive responses. Contaminants may include residual 
solvents, hydrophobic protection groups and peptides, and 
neoepitopes arising due to missing capping during peptide 
synthesis with the latter presenting the biggest potential for 
false-positive signals in the assay. Experimental Controls.

Negative Control or Mock Stimulation

A negative control is used to define the assay limit of detec-
tion (LOD) and is essential for the determination of response 
acceptance. The negative control includes cells without 

stimuli (mock stimulation), aiming to assess the number 
of cells spontaneously producing cytokines detected in the 
assay. The mock stimulation used in the negative control 
test should contain an equivalent concentration of DMSO as 
contained in the samples stimulated with the antigen peptide 
pool preparations.

The use of an irrelevant antigen stimulation (e.g., irrel-
evant peptide pool expected to induce no stimulation) is 
not necessary although can be implemented during assay 
development and performance verification testing. Such 
pools should have a similar composition as the experimen-
tal (antigenic) peptide pools. Such peptide pools are com-
mercially available.

A well-controlled experiment would include the follow-
ing additional controls:

Positive Control

A positive control is used to demonstrate that PBMC prep-
aration is functional, thus avoiding false-negative results. 
Positive control reagent can be applied to establish assay 
acceptance criteria (36). Positive control reagents used in 
ELISpot or similar methods are capable to induce polyclonal 
stimulation and include phytohaemagglutinin (PHA), con-
canavalin A (ConA), phorbol 12-myristate 13-acetate in 
combination with ionomycin (PMA/Iono), staphylococcal 
enterotoxin B (SEB), or anti-CD3 Abs (63). Generally, one 
positive control stimulation is sufficient to ensure PBMC 
functionality during study sample testing.

Background Control

The background (or medium only) monitors signals gen-
erated by assay reagents and media in the absence of cell 
material. A detected assay signal in the background control 
may be observed due to the presence of aggregated mate-
rial in the antibody detector reagent. This can be avoided 
by filtering the antibody reagent prior to use in the assay. 
Commonly, three medium only wells per experimental run 
are sufficient where run includes one or more plates.

Internal Sample Control 

An internal control that elicits a reliable and consistent 
peptide-specific response in longitudinal samples of indi-
vidual patients is used to assess sample quality and ascer-
tain consistency of antigenic responsiveness over time in a 
patient. Since its introduction, the commonly used control 
peptide pool CEF (105), comprising of well-defined class 
I-restricted peptides from CMV, EBV, and influenza, has 
been expanded to include more class I as well as class II 
peptides from a multitude of pathogens (CEFx) to elicit reli-
able T cell responses. It is of note that tested individuals can 
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exhibit significantly different response levels against such a 
control peptide pool, including no response at all, though 
response levels should not differ widely over time for a given 
individual. If a patient demonstrates significant changes in 
reactivity against that internal control peptide pool over the 
time course of the study, it could be indicative of clinical or 
sample-related events.

Reference Sample

The assay trending control is used to attest to the assay per-
formance over time (106). This control consists of PBMCs 
from a single healthy donor blood draw, frozen in aliquots, 
and tested with each experiment. The test is conducted using 
a mock stimulation (negative control), a mitogen stimula-
tion (assay positive control), and an antigenic stimulation 
(e.g., peptide pool used for the internal control stimulation, 
such as CEF, CEFx, or similar). While reference samples 
are useful to monitor assay performance, it can be challeng-
ing to maintain sufficient amount of reference sample from 
the same donor for an entire study. Hence, bridging a new 
reference sample will become necessary and should ideally 
comprise 3 experimental runs.

ELISpot Assay Qualification Parameters

The following section reviews parameters that are critical for 
establishing a qualified ELISpot or FluoroSpot assay. There 
is some level of overlap with procedures followed during 
flow cytometry assay qualification with additional details 
found elsewhere (107-110).

Assay LOD and Screening Cut Point

ELISpot assay LOD, also referred to as screening cut 
point or method sensitivity, describes the noise level of the 
assay and hence represents the assay signal below which a 
response is reported as negative. Importantly, the LOD is a 
descriptive assay qualification parameter and is not applied 
as a treatment exclusion criterion for study subjects with 
high pre-treatment (background) assay reactivity level. High 
background reactivity signal can be mitigated by methods 
briefly described below.

When supporting research studies, it may be acceptable 
to define an arbitrary LOD value based on prior experience 
with the method. For example, LOD can be defined at 10 
spot-forming units (SFU) per well containing 2 ×  105 cells 
in a colorimetric ELISpot method. The suitability of such 
LOD should be confirmed by evaluating a small number of 
individual donor samples (e.g., 5–10) under non-stimulated 
conditions to ensure that background signal does not lead to 
false-positive sample score.

To determine sensitivity of an ELISpot method used in 
regulated studies, a statistically based LOD or screening 
cut point may be defined (36, 111). The statistically defined 
LOD value can be established based on an analysis of the 
frequency distribution of background signal produced by a 
collection of individual donor PBMC samples under non-
stimulated conditions (111). Sufficient number of individual 
donor samples, ideally from treatment-naïve donors, should 
be evaluated. Typically, this assessment includes 30 or more 
individuals. It is understood that for rare conditions, obtain-
ing a large number of individual disease state samples can be 
challenging. Use of commercially available PBMC samples 
from healthy donors is oftentimes viewed as suitable for 
LOD assessment.

As previously discussed, appropriate (e.g., > 70%) viabil-
ity of PBMC samples should be confirmed in the assess-
ment. Ideally, samples should be tested on several days by 
two operators to capture inter-run variability of the assay. 
During data analysis, the inter-quartile range method can 
be used to remove statistical outliers, and the Shapiro–Wilk 
test can serve to assess whether the sample responses are 
derived from a normal distribution. Logarithmic transforma-
tion may be used to achieve normality, if needed. For data 
sets that satisfy the assumption of a normal distribution, the 
95% probability limit can be calculated by multiplying the 
mean SFU response under non-stimulated conditions across 
all samples tested during cut point assessment by a factor of 
1.645 (the corresponding z-value from a normal distribution 
table). This will establish the LOD value with an estimated 
5% false-positive rate. Alternatively, for a 1% false-positive 
rate, a factor of 2.326 could be used. If the signal distribution 
does not satisfy the assumption of a normal distribution, the 
empirical 95th or 99th percentile limits can be used as sur-
rogates. Typical assay LOD value for a colorimetric ELISpot 
falls near 10 SFU/well, which corresponds to 50 SFU/mil-
lion PBMCs assuming that 2 ×  105 cells are plated per well.

Alternatively, an approach based on the median of back-
ground reactivity in non-stimulated PBMC samples can be 
applied. Using the distribution median avoids data distortion 
by outlier measurements. The twofold (or threefold, in case 
of very low background) over the median background value 
is then set as the assay LOD, the point below which even 
statistical differences between mock-stimulated and Ag-
stimulated spot counts would not be considered a response 
since those differences are observed within the noise range 
of the assay (112). It is common that the assay LOD value 
established using the background median-based approach 
falls in a range similar to that established via the statistical 
approach, often between 5 and 12 SFU/well.

An important consideration for clinical or non-clinical 
studies accounts for potential differences in background 
reactivity levels between donor samples used during method 
qualification and study samples obtained from study relevant 
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disease state population. While the assay LOD established 
during qualification provides a reference LOD value for 
assay performance, it may be useful to verify its suit-
ability as screening cut point using available study sample 
data. This can be achieved by investigating study sample 
responses under non-stimulated conditions and applying 
the same methodologies described above. A study-specific 
screening cut point may be implemented if it differs substan-
tially from the LOD value derived during pre-study method 
qualification. This could occur due to the circumstances 
related to participants’ health status (e.g., immune suppres-
sion or infection), varying reagents (e.g., freezing media), 
and differences in applied standard operating procedures 
(SOPs, e.g., sample processing for healthy donor samples 
used during qualification vs. during in-study testing), which 
may unexpectedly affect background reactivity levels.

It is acknowledged that a statistically defined LOD could 
be established based on background signal produced by 
non-Ag-responsive PBMCs under stimulated conditions, 
rather than based on background signal observed under 
non-stimulated conditions. However, due to pre-existing 
cellular immunity to AAV, identification of non-Ag respon-
sive donors may be problematic. A potential approach to 
solve this challenge could be to utilize PBMC samples from 
treatment-naïve donors who were previously screened to be 
non-responsive to AAV peptides in non-qualified ELISpot 
or an orthogonal assay. Such donors may be identified in 
pre-study tests involving a large cohort of healthy treatment-
naïve donors (30 to 50) whose PBMCs are tested against 
AAV peptide pools. The magnitude of background signals 
in non-Ag-responsive donors under stimulated conditions 
would be expected to mimic that of non-stimulated donor 
samples; thus, there is no clear advantage in pursuing this 
approach.

When pretesting healthy treatment-naïve donors for back-
ground reactivity levels, it is recommended to include test-
ing against the AAV protein peptide pools. The observed 
response frequency against each peptide pool may serve as 
a barometer for pre-existing response frequency one has to 
expect within the study cohort at baseline.

Assay Confirmatory Parameter

Assay developers are oftentimes confronted with elevated 
non-specific background signal above LOD value that 
is observable in a fraction of PBMC samples under non-
stimulated conditions. Such samples can be easily identified 
and removed as statistical outliers from the assay LOD (cut 
point) analysis described above. However, during clinical or 
non-clinical study sample testing, an additional confirmatory 
assay parameter may be needed to determine if the relative 
magnitude of a response under stimulated conditions should 
be considered as Ag-specific when compared to elevated 

background signal observed under non-stimulated condi-
tions. For example, a study sample that generates ELISpot 
signal under both Ag-stimulated and non-stimulated condi-
tions at 100 SFU/well, a value well above assay LOD of 
10 SFU/well, may not be adequately reported as positive 
for Ag-specific reactivity. In contrast, a study sample that 
generates ELISpot signal of 100 SFU/well under non-stim-
ulated conditions and 500 SFU/well under Ag-stimulated 
conditions should be reported as positive for the Ag-specific 
reactivity.

Hence, a pre-defined 2- to threefold increase in SFU 
above the background (mock treatment generated) signal 
can be helpful to account for potentially elevated non-spe-
cific response in some samples (111). Samples for which Ag 
stimulation results in signal above the assay LOD would be 
additionally assessed for the relative increase in SFU over 
the mock stimulation conditions.

Alternatively, two statistical approaches have been used to 
evaluate whether a relative increase in SFU between stimu-
lated and non-stimulated conditions is considered significant 
for a test sample. The first approach uses statistical means 
during pre-study method qualification to establish a confirm-
atory cut point (CCP) based on the response ratio between 
Ag-stimulated conditions and mock response in treatment-
naïve individual donors, as described (36). The subsequent 
use of the CCP should be restricted to clinical or non-clinical 
study samples that show elevated background signals (i.e., 
show a response > LOD under non-stimulated conditions) 
to preserve maximal sensitivity for samples with low back-
ground signal. Applying the CCP universally to all samples 
with responses above the LOD would likely eliminate other-
wise acceptable low positive samples and thus under-report 
the immune reactivity in patients.

A second approach is based on response evaluation using 
the statistical distribution-free resampling (DFR) method. 
This method was specifically developed for response testing 
in ELISpot protocols (112). The DFR testing is a permuta-
tion test that does not rely on analysis of mean values and 
considers peculiarities of typical ELISpot data. Specifically, 
these are a small number of data points (which limits use of 
assumption-based analysis of data distribution), considerable 
level of variability, and varying level of background reactiv-
ity. Two slightly different tests are typically run simultane-
ously: (a) analysis that considers any statistically significant 
difference between signals generated under non-stimulated 
(background) and Ag-stimulated conditions (referred to as 
DFR (eq)) and (b) analysis that only considers differences 
that are greater than 2x (referred to as DFR (2x)). The DFR 
testing allows to detect positive response in the presence 
of high background reactivity. The determined LOD value 
(as assessed pre-study or adjusted based on available study 
data) continues to serve as a cutoff for the acceptance of 
tentatively positive responses whereas DFR data analysis 
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confirms specificity of the response. While DFR data analy-
sis accounts for the replicate variability, it is recommended 
to flag outlier replicates by determining their variance in 
relation to the median (112). An open webtool and the R 
code allowing to run DFR data analysis are available online 
(113).

Assay Specificity

Assay specificity refers to the ability of the method to dis-
tinguish positive responses to antigen-derived peptides of 
interest from negative responses to peptides derived from 
irrelevant antigens. Since donors of commercial PBMC sam-
ples are routinely screened to be human immunodeficiency 
virus (HIV)-negative, non-responsiveness of the PBMCs 
to HIV peptide stimulation could be used to confirm the 
absence of non-specific peptide responses during method 
characterization. Peptides derived from other viruses may be 
used if the serostatus of the donors is known to be negative.

A commonly used positive control stimulation in experi-
ments that confirm specificity of an ELISpot method utilizes 
peptides derived from cytomegalovirus phosphoprotein of 
65 kDa (CMVpp65), which generates responses in most 
human PBMC samples. Alternatively, CEF with similar 
broad reactivity (see the “Internal Sample Control” section) 
can be applied. These positive control stimulations could 
be run alongside the negative control peptides to fully dem-
onstrate the discriminatory ability of the method to gener-
ate specific positive responses to peptides from antigens of 
interest.

Assay Low Limit of Quantification (LLOQ)

The LLOQ of the assay is the lowest amount of analyte 
that can be quantified with an acceptable precision. An 
LLOQ of an ELISpot method is commonly defined as spot 
count at which the coefficient of variability (CV) parameter 
becomes acceptable. At low spot counts even a minor change 
in the assay signal will lead to a significant increase in the 
%CV value. A typical LLOQ for an ELISpot protocol falls 
between 20 and 30 SFU/well (114). It is proposed that this 
LLOQ value can be broadly applied without a need to gener-
ate assay specific data set.

Assay Upper Limit of Quantification (ULOQ)

The ULOQ is related to the spot counting procedure and 
refers to the spot count at which single spots cannot be any 
more reliably distinguished due to the confluency issue. 
The ULOQ is affected by the size of spots (the larger the 
spots are, the lower is the ULOQ), the nature of the method 
(ELISpot has a limited dynamic range for spot saturation, 
while FluoroSpot offers an advantage of a larger dynamic 

range), and the spot counting method. Experiments where 
PBMC samples are tested in the presence of a strong stimu-
lant (e.g., CEFx peptide pool, PHA) help to determine the 
assay ULOQ parameter. The ULOQ can range from about 
200 SFU/well for an ELISpot method that produces large 
spots counted via image analysis to 5000 spots in a FluoroS-
pot assay.

Assay Precision

Precision is an important qualification parameter that 
describes the closeness of agreement between a series of 
measurements for the same sample. Assay precision is evalu-
ated in an intra-assay (variability between replicate wells), 
inter-assay (variability between data obtained in different 
runs, days), and reproducibility tests (variability between 
different operators). The potential impact of sample han-
dling on assay performance should be assessed where sam-
ples are prepared and tested by different operators. The 
suggested approach to evaluate assay precision includes 3 
separate assessments of 3 individual samples with 3 different 
response levels (high, medium, low responders) analyzed 
in 3 replicates. Assessments are performed to determine 
intra-assay variability, inter-assay variability (same opera-
tor), and inter-operator variability (at least two operators 
that preferably will be involved in the study sample analy-
sis). A precision below 50% %CV should be reached, and a 
%CV < 30% is considered as desirable. During data analysis, 
it is important to identify, flag, and report outlier values. 
The DFR-based method of ELISpot data analysis consid-
ers variability between sample replicates. Defining outliers 
in an IFN-γ ELISpot method has been described in detail 
elsewhere (112).

Assay Linearity

The main goal of the linearity assessment is to determine 
whether the assay response is linear over the desired range of 
the method. Linearity assessment may be conducted during 
assay development phase. In the linearity evaluation, a range 
of cell densities per well is tested to determine the resulting 
SFU signal. The SFU values are typically extrapolated to a 
million cells/well. The linearity of the assay is defined as 
the range of cell densities that produce similar SFU values 
when normalized per million cells in a well. When testing 
is done within the linear range of the assay, variable number 
of cells loaded per well will not negatively impact assay 
performance. To determine assay range of linearity, 3 sets of 
PBMC samples are serially diluted, typically over a range of 
0.5 ×  105–4 ×  105 cells per well, and tested in the presence of 
control peptide pools, e.g., CEF or CMVpp65. Data analy-
sis allows to determine the lowest cell number per well as 
one that provides reliable SFU value. Information about the 
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lowest acceptable cell number per well can be critical when 
low cell recovery would not allow for plating of the desired 
number of cells. A common linear range for an IFN-γ ELIS-
pot protocol is between 1.5 ×  105 and 3.5 ×  105 cells per well.

Assay Accuracy

Typically, no ELISpot assay standard is available to pre-
pare quality control (QC) samples, and therefore, true accu-
racy of an assay cannot be defined. Assay accuracy may be 
evaluated via participation in proficiency panels. In such 
panels, participants test the same samples against the same 
antigens following laboratory-specific assay protocols and 
using internal laboratory reagents. Comparison of results 
provides a relative accuracy measure. An open proficiency 
panel program runs once a year and is accessible to everyone 
performing ELISpot analysis (115).

Assay Robustness

Robustness refers to the ability of the ELISpot method to 
withstand small but deliberate changes in experimental con-
ditions, such as incubation times and reagent concentrations. 
Defining ranges of acceptable performance for each parame-
ter during method characterization may provide for a certain 
degree of flexibility when executing the assay during sample 
analysis. For example, cell stimulation times for overnight 
incubation may vary between 20 and 24 h without impacting 
test results while results may be different, if cell stimula-
tion proceeds for only 16 (36). Robustness studies assessing 
impact of plate drying time on colorimetric ELISpot method 
performance demonstrated a widely tolerated range varying 
between 20 h and 80 days. In contrast, substrate develop-
ment time used in colorimetric ELISpot methods needs to 
be accurately timed and should be evaluated on a case-by-
case basis.

Using PBMC samples with a known response profile, a 
series of robustness experiments can be performed under 
standard conditions or under varied robustness conditions. A 
robustness condition may be considered successfully quali-
fied if the SFU/well result for responses above the assay 
LLOQ is similar as compared to the standard condition of 
the assay. For example, if the relative difference between 
signals generated under robustness condition and standard 
condition tests is less than 30% for an assay with typical pre-
cision characteristics, samples producing negative response 
under mock stimulation conditions or when using known 
non-stimulating peptides should also maintain their status.

Stability Assessment

Understanding PBMC sample stability is critical for success-
ful implementation of an ELISpot method. Stability may be 

assessed by analysis of PBMC samples collected from the 
same donor after samples were stored under selected condi-
tions (typically, in liquid nitrogen) for a specified period. 
Such an assessment could be incorporated as part of clinical 
testing. The donor should have known reactivity to particular 
Ag peptides of interest at the initial assessment, and this 
positive response profile should remain unaltered. In addi-
tion, one may require that the SFU/well values above the 
assay LLOQ remain within an acceptable relative difference 
as compared to signal generated by untreated (not subjected 
to storage conditions) sample (for example, within 30% for a 
typical assay) to successfully qualify a given stability period. 
Since cell lysis may appear during long-term sample storage, 
leading to an increased background signal, it is also impor-
tant to confirm that responses under mock stimulation, or 
responses to stimulation with irrelevant peptides continue to 
be negative. The viability of the stored samples should also 
be evaluated and ideally remain above 80%. Optimization 
of conditions and media used during freezing and thawing 
of samples can help to maintain stability of PBMC material 
for a considerable time (months to years) (36, 116, 117).

Regulatory Position

Regulatory agencies have acknowledged the importance of 
monitoring the cellular immune response in clinical stud-
ies in recent guidance documents (1-4). FDA suggests that 
cellular immune responses may play an important role in 
both the safety and durability of a gene therapy treatment. 
Cellular immune responses, therefore, would be considered 
potential biomarkers for either safety-related adverse events 
or loss of transgene expression. Development, qualification, 
and in-study use of cellular immune response assays can 
take considerable time and regulatory planning. FDA rec-
ommends that these methods initially be “fit for purpose” 
and subsequently validated for clinical studies intended to 
provide primary evidence of effectiveness to support a mar-
keting application (79). The frequency and length of test-
ing for cellular immune responses may be determined on 
a case-by-case basis. In the 2020 “Human Gene Therapy 
for Hemophilia” Guidance, FDA recommends that sponsors 
consider assessing IFN-γ secretion from peripheral blood 
mononuclear cells by ELISpot assays for the detection of 
anti-vector and anti-coagulation factor T cell reactivity for 
short-term monitoring during the first 2 years of follow-
up (118). More frequent monitoring may be appropriate if 
immune-mediated hepatic dysfunction is suspected, which 
could clarify potential mechanisms of hepatic dysfunction. 
In the 2021 “Human Gene Therapy for Neurodegenerative 
Diseases” Guidance, FDA suggests that immune responses 
to GTx products may pose important safety risks, such as by 
damaging the tissues transduced by viral vectors carrying a 
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therapeutic transgene. FDA recommends sponsors monitor 
for systemic immune reactions and perform immunoassays 
measuring cellular and humoral immune responses to both 
the vector and the transgene-encoded protein (1).

Summary

From the immunological perspective, administration of AAV 
vectors mirrors a viral infection. Both gene therapy vectors 
and natural viruses are similar in how the viral antigens are 
presented, with the key difference being that viral vectors 
lack the requisite genes for viral replication (37, 38). Conse-
quently, the only source for capsid antigen is the input vector 
at the time of administration. The intracellular events follow-
ing transduction of target tissue led to translocation of the 
single-stranded DNA genome to the nuclease and degrada-
tion of the vector capsid protein (31). Proteolytic degradation 
of intracellular capsid proteins generates peptide fragments 
that can be loaded onto MHC class I or class II molecules 
for cell surface presentation to CD8 + and CD4 + T cells, 
respectively. The loading of exogenously derived peptides 
onto class I in this manner is considered atypical for tissue 
parenchymal cells but could occur through a process termed 
cross presentation particularly in specialized Ag present-
ing cells (65). Further, previous non-clinical studies have 
demonstrated that pre-existing AAV antibodies impact the 
outcome of gene transfer and an increased distribution of 
AAV to the spleen (119, 120). This off-target uptake into 
splenic macrophages, a subtype of professional APCs, sug-
gests a greater likelihood for capsid peptide presentation to 
naïve CD8 + T cells by MHC Class I and de novo stimula-
tion of cytotoxic effectors. Over time, the presentation of the 
GTx-derived AAV peptides on MHC proteins may decline. 
However, it is possible that peptides from endogenous AAV 
infections that occur months or even years post-dose may 
be presented on the MHCs. Consequently, at time points 
many months post-dose, it might become difficult to attrib-
ute an impact on safety or efficacy biomarkers directly to 
the gene therapy. Activated CD8 + T cells, NK cells, and 
CD4 + lymphocytes may exhibit cytotoxic activity against 
AAV-transduced cells of the host. Cytotoxic T cell activation 
by the antigen peptides presented on the surface of the cells 
or activation of the NK cells by other mechanisms may lead 
to expression of various cytokines and pro-inflammatory sig-
nals and destruction of the transduced cells. As an example, 
elevation of liver transaminases (ALT and AST), the most 
common adverse event reported after systemic administra-
tion of AAV therapies, is believed to be a consequence of 
capsid-specific cellular immune response against liver cells 
transduced with the AAV vector (10, 29-31). The observed 
spike in ALT and AST was interpreted as a consequence 
of destruction of transduced tissues by cytotoxic T cells. 

Administration of corticosteroids resulted in reduction of 
transaminase concentration in the blood, associated cel-
lular immune response, and, importantly, steadying of the 
transgene expression. It should be noted that changes in 
serum transaminase concentrations may be caused by factors 
other than T cell response. There are few studies to investi-
gate and establish direct correlation between anti-AAV cel-
lular immunogenicity and ALT and AST response.

Similar to the methodologies applied when assessing 
humoral immune response against biotherapeutics, a risk-
based approach should be considered when determining the 
value of assessment of cellular immune response to AAV 
capsid proteins. Based on considerations presented in this 
manuscript, several risk factors are proposed (see above). 
Additionally, evidence of memory CTL in patients previ-
ously treated with an AAV therapeutic and that are being 
considered for re-administration of an AAV vector should 
be evaluated.

Complexities related to the maturation of the immune 
system should also be considered. It should further be noted 
that the immune system in newborn infants is not as well 
developed as in older children or adults, and hence, a robust 
cellular immune response may not be mounted in new-
borns (121). Other challenges associated with generating 
robust data driven conclusions regarding the impact of cel-
lular immunogenicity on safety and efficacy of AAV-based 
treatments include the complexity of collecting samples for 
cellular immune response assessment at appropriate time 
points to determine correlation with adverse observations, 
large sample volumes required for frequent cellular immune 
response evaluations, and complexity of associated sample 
handling and analysis. It should be appreciated that any 
sample collection, particularly collection of a large blood 
volume from certain types of patients, e.g., pediatric, may 
present a significant hurdle and inconvenience and should 
therefore be purpose driven and justified. Collection of fewer 
samples assigned for cellular immunogenicity assessment 
may result in an insufficient data package and make it chal-
lenging to show causal relationship between cellular immune 
response and evaluated clinical signal. In addition, should a 
sponsor decide that use of pre-existing cellular immunity is 
needed for patient treatment decisions, a companion diag-
nostic (CDx) or similar level protocol may be required once 
the treatment reaches the market. Given the nature of the 
cellular immune response assay, it will be challenging to 
develop and successfully implement such a CDx. In sum-
mary, sponsors should consider the benefits and risks of gen-
erating cellular immune response data for AAV gene thera-
pies before initiating the development and implementation 
of cellular immune response detecting assays in support of 
clinical trials.

A robust and persistent humoral response against AAV 
vector is commonly expected and has been reported (27). 
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The nature, likelihood, and type of cellular immune response 
are less predictable and potentially driven by many factors. 
Evaluation of correlation between humoral and cellular 
responses was performed using information available for the 
following examples: Duchenne muscular dystrophy treat-
ment using AAV2.5 vector transgene (23); alipogene tipar-
vovec (Glybera®), an AAV1 vector treatment for lipoprotein 
lipase deficiency (24-26); and AAV5-based valoctocogene 
roxaparvovec (Roctavian®) intended for treatment of hemo-
philia A (27). An overall assessment suggests a lack of cor-
relation between humoral and cellular responses, although 
it should be noted that examples of treatments reviewed in 
this manuscript describe products with potentially different 
amounts and types of impurities, different routes of admin-
istration, doses, immunosuppressive regiments, and methods 
used to assess the cellular immune response.

Analysis of publicly accessible information related to cel-
lular response and its impact on treatment safety and efficacy 
leads us to make the following general conclusions regard-
ing the value and triggers for such evaluation. We believe 
that the need for cellular immunogenicity testing should 
be driven by the expected mode of action of the potential 
impact. Such assessment should be viewed as one of the 
elements of treatment mitigation strategy and needs to be 
risk-based. Even if it is possible to show a temporal relation-
ship between the cellular immune response and a change in 
a safety or efficacy biomarker, it is necessary to consider 
and test a mechanistic hypothesis to demonstrate cause and 
effect relationship. This mechanistic hypothesis will enable 
generation of hypotheses related to how the cellular immune 
response can be mitigated and hence the safety and efficacy 
profile of the gene therapy improved. For example, the abil-
ity of cellular immune responses measured in the blood com-
partment to serve as a surrogate for such responses in other 
tissues, e.g., the eye or liver, needs to be confirmed.

Several analytical platforms may be considered for eval-
uation of cellular immune response, including ELISpot, 
FluoroSpot, and ICS protocols. These methodologies have 
been successfully applied in the field of vaccine develop-
ment with demonstrated ability to detect antigen-specific 
cytotoxic T cells in very low abundance. Currently, in the 
field of viral vector delivery gene therapy, ELISpot is the 
most applied technology. In this manuscript, we describe 
recommendations for the assay parameters that authors 
believe should be considered for assessment of ELISpot 
method performance. These include assessment of the assay 
LOD, precision, specificity, linearity, range of detection, 
accuracy, and robustness.

Industry-wide experiences with the assessment of cel-
lular immune response against AAV vectors were applied, 
wherever appropriate, as the basis for the recommendations 
made in this manuscript. Our paper is a result of a consen-
sus among multiple scientists involved with various aspects 

of AAV-based gene therapy development. It is hoped that 
recommendations outlined here will help clinicians, drug 
developers, and bioanalytical scientists to determine the 
need and value for cellular response evaluation. Proposed 
parameters for qualification of an ELISpot protocol are 
intended to promote harmonization across the industry. 
We would like to conclude that the relevance of evaluating 
the cellular immune response in blood or even evaluating 
the cellular response at all should be based, when possi-
ble, upon a cogent scientific hypothesis before embarking 
on developing cellular immune response assays or collect-
ing samples in studies. The requirement to conduct cellular 
immune response measurements should be based on a risk 
assessment considering all possibly relevant parameters 
(patient population, ROA, etc.) and a structured data assess-
ment strategy including sampling and biomarker selection. 
Assessment should be performed utilizing methods that 
are optimized for the parameters listed in the manuscript 
to enable further improvement of GTx product design and 
quality to reduce immune response triggers.
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