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The COVID pandemic exposed the critical role T cells play in initial immunity, the
establishment and maintenance of long term protection, and of durable
responsiveness against novel viral variants. A growing body of evidence indicates
that adding measures of cellular immunity will fill an important knowledge gap in
vaccine clinical trials, likely leading to improvements in the effectiveness of the next
generation vaccines against current and emerging variants. In depth cellular immune
monitoring in Phase Il trials, particularly for high risk populations such as the elderly or
immune compromised, should result in better understanding of the dynamics and
requirements for establishing effective long term protection. Such analyses can result
in cellular immunity correlates that can then be deployed in Phase Il studies using
appropriate, scalable technologies. Measures of cellular immunity are less established
than antibodies as correlates of clinical immunity, and some misconceptions persist
about cellular immune monitoring usefulness, cost, complexity, feasibility, and
scalability. We outline the currently available cellular immunity assays, review their
readiness for use in clinical trials, their logistical requirements, and the type of
information each assay generates. The objective is to provide a reliable source of
information that could be leveraged to develop a rational approach for
comprehensive immune monitoring during vaccine development.

KEYWORDS

COVID, COVID-19, vaccine development, antibody, cellular immunity

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166059/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1166059/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1166059&domain=pdf&date_stamp=2023-11-23
mailto:r-murphy@northwestern.edu
https://doi.org/10.3389/fimmu.2023.1166059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1166059
https://www.frontiersin.org/journals/immunology

Paramithiotis et al.

Introduction

Human immune responses include a range of cellular and
soluble factors. To optimally assess immune responsiveness an
integrated approach that measures both cellular and soluble
factors is required. However, only the antibody response was
measured at scale throughout clinical development of the first
generation COVID vaccines, in particular titers of neutralizing
antibodies and total immunoglobulin G (IgG). Cellular immunity
was partially characterized, and only at the early-stage trials (1-9).
This approach left open questions about how long-term protection
can be established and monitored, particularly in the context of
emerging variants (10). For most vaccines antibodies can serve as
adequate surrogates of general immune responses when applied to
the overall population (11). In COVID, neutralizing antibody (nAb)
levels have been shown to be predictive of protection from
symptomatic infection in healthy, previously unexposed
individuals (12, 13) though the correlate calculations are still in
progress (14-16). Other evidence indicates that protection
correlates may also involve non-neutralizing antibodies, as well as
T cells and innate immunity (17-19). In high-risk populations, such
as the elderly and people with compromised immune function,
antibody measurements alone have been insufficient metrics of
responsiveness to vaccination (20, 21). In addition, given how
short the interval between exposure to infection can be for
respiratory viruses, perhaps the most effective measures of
immune responsiveness may be correlates of infection clearance
and durable long term protection (22), which are functions of the
cellular immune response.

Cellular immune monitoring assays
currently used in clinical trials

Cellular immunity is currently being measured in clinical trial
settings using a number of approaches. The enzyme-linked immune
absorbent spot assay (ELISpot (23); see Box 1) and the intracellular
cytokine stain assay (ICS (24); Box 1) assay have both been used in
clinical trials for either primary, secondary or exploratory endpoints
in comparable proportions for the last twenty years (Figure 1). The
activation induced marker assay (AIM (25); Box 1), another flow
cytometry method, was first used for clinical trial secondary
endpoints beginning in 2019. All three techniques require live
peripheral blood mononuclear cells (PBMC) and in vitro antigen-
specific stimulation prior to sample analysis, have established
standardization procedures, require the same level of Clinical
Laboratory Improvement Amendments (CLIA) complexity, and
can be rapidly scaled with existing laboratory infrastructure.
ELISpot has been the primary cellular immunology assay
deployed in COVID vaccine clinical trials, reflected in its
proportional increased use since 2020 (see Figure 1). ICS and
AIM require more reagents than ELISpot, though typically
ELISpot requires longer culture time. Assay sensitivity is
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comparable in practice. Although fewer cells can be used in
ELISpot, the data becomes more variable at the lower end of the
cell input scale which reduces that advantage resulting in
comparable cell inputs used by all assays.

The main difference between ELISpot and the flow cytometry
based ICS and AIM assays is the type of data generated. ELISpot is an
antibody capture assay that provides one output, the enumeration of
cells producing the particular cytokine targeted by the capture
antibody, most frequently interferon-gamma (IFNy). There is no
further characterization of the responding cells. ICS is a multi-
parametric flow cytometry assay which can also measure the
frequency of cytokine-secreting cells, but also determines the
responding cells’ lineages, activation states, and proportion of
multi-functional responders, which defined as cells that make more
than one cytokine following antigen-specific stimulation and which
are highly desirable after vaccination (26). AIM assays typically use
fewer parameters than ICS and focus on the detection of immune cell
activation following antigen-specific stimulation by evaluating the
expression of activation-associated surface markers, rather than the
production of activation-associated cytokines (27). Since a balance of
pro-inflammatory and anti-inflammatory cytokines is desirable in the
regulation of host immune response (28), assessment of potential
drug hypersensitivity reactions—including drug allergy and adverse
drug reaction—can be gleaned from tests that detect cytokine
secretion, especially tests such as ICS that enable the simultaneous
detection of multiple, specific cytokines (29, 30). Due to the
phenotypic characterization of the responding cells, ICS and AIM
assays provide superior information than ELISpot on what kind of
immune cells are involved in a response and therefore allow better
mechanistic insights. This will be particularly useful for
understanding how to induce robust, long lasting immune
responses, especially in immune compromised individuals.

A recent publication presented an overview of the technologies
and differences between multiple cellular immunity assays (27),
including a qualitative comparison of just the laboratory costs of
running these assays. However, the establishment and maintenance
of the infrastructure necessary to prepare viable PBMC of consistent
quality across multiple sites is also a vital factor to consider. Once
that investment is also factored in, the overall costs between cellular
immunity assays become much more comparable. The
differentiating feature, therefore, is the information generated by
each assay, and consequently their cost effectiveness as opposed to
simply cost.

Molecular immune monitoring assays
currently used in clinical trials

Single-cell RNA (scRNA) and T cell receptor (TCR) sequencing
have seen a rapid rate of adoption in clinical trials in the last 5 years
(Figure 1, Box 1). SCRNA allows high resolution gene expression
analysis of samples at the single-cell level and is particularly suitable
for studying dynamic processes such as the development, expansion
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BOX 1 Immune monitoring assay definitions.

ELISpot: Enzyme-linked immune absorbent spot assay. A method for measuring cytokines secreted by activated cells following antigen stimulation (23). The assay
requires viable cells which are activated in vitro and the cytokines secreted are captured by antibodies pre-coated onto the surface of the culture wells. Readouts are
colorimetric and specific for single analytes. A fluorescence version of this assay can measure up to three analytes.

ICS: Intracellular cytokine stain assay. A flow cytometry assay that measures the percentage of cytokine-producing cells following antigen stimulation and provides
information about the cellular subpopulations producing either single or multiple cytokines of interest (24). The assay requires viable cells which are activated in vitro and
then stained for cell surface lineage and activation markers and for intracellular cytokine production. Stimulated cells can be analyzed either prior to or following cellular
expansion. Readouts are multiparametric flow cytometry files.

AIM: Activation induced marker assay. A flow cytometry assay that measures the percentage of activated cells following antigen stimulation and provides
information about the cellular subpopulations expressing activation markers (25). The assay requires viable cells which are activated in vitro and then stained for cell
surface lineage and activation markers Stimulated cells can be analyzed either prior to or following cellular expansion. Readouts are multiparametric flow cytometry files.

ScRNA: Single-cell RNA sequencing assay. A method of sequencing a cell’s complement of RNA molecules that provides high resolution information about gene
expression levels in each cell analyzed as well as presence of transcriptional alterations such as alternative splicing and transcription starting site changes (31). The assay
uses suspensions of cells not necessarily required to be viable, which are partitioned into single cell suspensions through limiting dilution or fluidic sorting. Cellular RNA is
then extracted, reverse transcribed into cDNA and amplified using nucleotide primers containing multiple unique barcodes used for later data deconvolution and

10.3389/fimmu.2023.1166059

interrogation. The assay could be used on ex vivo cells or after in vitro stimulation. Readouts are in next generation sequencing (NGS) compatible formats.

TCR sequencing: T cell receptor sequencing assay. A version of scRNA analysis focused on measurement of expressed T cell receptor genes at the single cell level

(32). Assay requirements and methodologies are similar to scRNA except for using amplification and data analysis methods specific for T cell receptor gene expression.

Readouts are in NGS compatible formats.

Biosensors: Wearable biometric devices that can continuously monitor and transmit data for a range of physiologic activities such as resting heart rate, heart rate

variability, dermal temperature (33), among others, and the changes observed in these measurements can be associated with immune phenomena and used as surrogate

markers. These assays do not require cellular sampling from the host and provide spreadsheet compatible data in multiple formats.

or contraction of cellular immune responses, or reversible processes
such as immune exhaustion (31, 34). SCRNA analysis can also be
used to identify multi-functional responding cells (35, 36). TCR
sequencing focuses on the antigen receptors expressed by T cells
and has been used for diagnosis and personalized monitoring of
remission and relapse in multiple hematologic cancers (32, 37). At
the population level, TCR sequencing has been used to determine
the clonality and repertoire dynamics of public T cell responses (38,
39). The information provided by these molecular methods can be
expected to become relevant for assessing risk in future treatments
in T cell directed vaccines such as the universal flu vaccine (40), and
also likely for assessment of booster doses of existing vaccines.
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Immune monitoring assay comparison

A comparison of the cellular immunity assays discussed here is
presented in Figure 2. We assessed current readiness of each assay as
a composite of whether each assay had been previously used for
clinical trial endpoints, plus the scalability of the assay platform, and
whether standardization has been established. Scalability was
evaluated by considering each platform’s installed base, and how
quickly assay scale up can be implemented. Standardization was
assessed by examining whether reporting, calibration and procedural
standards have been established. Logistical considerations examined
what kind of sample was required to carry out each test and the
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Utilization of cellular immunity monitoring assays in clinical trials. Clinical trials using one of the indicated technologies were retrieved from
clinicaltrials.gov till October 2022 and displayed by start year. Completed studies and those in progress were used, withdrawn and terminated studies

were excluded.
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CLIA-regulated complexity requirements. Finally, the information
generated by each assay was used to determine how detailed the
immune monitoring was, and whether there was enough information
to enable specific assessments such as the type of immune response
induced, assessment of cross-reactivity and of risk for adverse effects
such as drug hypersensitivity reactions via simultaneous detection of
multiple, specific cytokines.

Multiple methods are available for high resolution immune
monitoring (Figure 2). All the technologies reviewed here are
already being used in clinical trials, with ELISpot and ICS having
over two decades of use. All assays have a broad enough install base
and sufficient throughput to be scalable for large trials. ELISpot, the
flow cytometry, and the scRNA and TCR sequencing molecular
methods have published standardization guidelines (41-48). All are
sufficiently complex to warrant high level CLIA complexity
designations (49) and therefore must be performed in CLIA
laboratories by appropriately trained personnel.

The type of information provided by the cellular immunity
assays is going to be essential for evaluation of next generation
COVID vaccines, especially to define critically needed correlates
associated with duration of protection (50). Phase II studies that
incorporate in depth analysis of the cellular response in defined
high risk populations such as the elderly or immune compromised
will be able to provide new insights into the underlying immune
mechanisms involved and better understanding of the dynamics of
waning immunity for both cellular and humoral responses, as well
as better risk assessment for novel viral variants. For example, the
breadth of the immune response as measured by the total number of
viral epitopes actively engaged by an individual may be a better
measure of protection than measuring any one particular element of
the immune response, such as nAb titer (51). Such analyses can
become the basis of cellular immunity biomarkers that can then be
deployed in Phase III studies using large scale-amenable genomics
technologies (32, 52).

ELISpot provides the least in-depth characterization of the
cellular immune response, whereas scRNA would provide the
most in depth characterization. Multi-parametric flow cytometry
as represented by the ICS and AIM assays falls somewhere in
between, but nonetheless is still able to provide the critical
information needed to evaluate the type of cellular immunity

10.3389/fimmu.2023.1166059

induced by the vaccination, as well as assess cross reactivity and
risk of adverse effects. Judging from the overall operational costs
involved, including sample procurement, processing, laboratory
operations and subsequent data analysis, multi-parametric flow
cytometry may be the most cost-effective application for the
monitoring of vaccination-induced cellular immunity and
identification of cellular immunity correlates.

ELISpot and the flow cytometry assays need live cells, which is a
major source of logistical concern and also a source of data variance.
Inconsistent cell preparations not only affect the yield of PBMC per
tube of blood collected, but can also affect responsiveness in
subsequent testing. Effective deployment of any of these cellular
assays requires the establishment of properly trained sample
collection and processing sites. Alternatives to PBMC preparation
and cryopreservation such as whole blood ICS, whereby the blood is
directly stimulated with the required antigens (53) could help
alleviate the variable quality and stability issues. This protocol
allows the freezing of cells following the stimulation step which
would offer the potential of performing this technique directly at the
clinical site but still requires careful training of all personnel
involved. Additionally, automated platforms for PBMC processing
also exist, and equipping clinical sites with these capabilities could
be an alternative for isolating PBMC on the same day as the blood
draw. The molecular methods do not require live blood cells and for
direct ex vivo sample analyses can bypass the establishment of high
quality sample processing. However, If the molecular assays are
intended to be used on a subset of the cells, or following enrichment
of antigen specific responses, the requirement for live cells of a
consistent quality would remain. Nonetheless, processes for live cell
preparation have been well-established in fields such as HIV where
cellular immunity is a critical parameter of clinical trials, and
multiple options are available for effective deployment.

Several studies have demonstrated that relatively limited
number of subjects (20-30 individuals) are sufficient to
demonstrate significant differences between vaccinated/treated
groups and placebo control or baseline using ELISpot or ICS (3,
10, 54, 55). Since the number of subjects required depends on the
magnitude of the expected effect sizes, elucidating differences
between a vaccine/drug candidate and a commercially available
‘active’ comparator might be achieved with about 100 subjects or

Current readiness Logistics Information provided
Trial endpoints  |Scalability Standardization Live cells Whole CLIA Responding Ef'fec.tor immune Immune Cro_ss_ Risk
blood cell count [ function help memory | reactivity | assesment
Assay 1° 2° |Other Report | Calibr. [ Proc.
ELISpot Y Y Y Y Y Y Y Y Y H Y N N N N N
ICS Y Y Y Y Y Y Y Y Y H Y Y Y Y Y Y
AlM N Y N Y Y Y Y Y Y H Y Y Y Y Y N
ScRNA Y Y N Y Y Y Y N Y H Y Y Y Y Y Y
TCR sequencing | Y Y Y Y Y Y Y N Y H Y N N N N N
Biosensors Y N N Y N N N N N N/A N N N N N Y
FIGURE 2

Cellular immunity assay characteristics. Color coded visualization of parameters that enable cellular immunity measurements to be conducted at
clinical trial scale. Clinical trial endpoint use was determined by reviewing clinicaltrial.gov completed trials and trials in progress per assay. The
highest endpoint type per trial was reported. CLIA complexity was assessed as high (H) medium (M), low (L) or non-applicable (N/A). Assay
abbreviations are described in the text. Additional abbreviations not previously referred to are calibration standardization (Calibr) and procedural

standardization (Proc).
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less (56). Clinical studies employing multi-parametric flow
cytometry at this scale are already routinely performed. Vaccine
trials that require a representative subset of each population being
tested to undergo full immune monitoring, especially if that
included the high risk elderly and immune compromised
populations, would substantially improve our understanding of
how to establish and maintain robust long-term protection.
Expanding testing to larger numbers of subjects per trial would
help elucidate low frequency adverse effects of the kind typically
missed in small scale trials but are present when a vaccine is rolled
out to the general population. Note, however, that immune
compromised subjects are not typically recruited in vaccine trials,
except for HIV where the target of the vaccine is the cause of the
compromised immunity. Nor do correlate calculations typically
seek to compare or combine cellular immunity and antibody titer
data into holistic measurements of immune responsiveness to
associate with clinical outcomes.

The incremental costs of these studies could be argued that they
will discourage investment in vaccine development or restrict
innovative approaches to vaccine development. A mitigating
strategy might be to simply require the acquisition and retention
of appropriate clinical samples during early developmental efforts
while allowing deferral of the investment analyzing those samples
until a later phase of clinical trials but prior to FDA approval. We
would also recommend a deliberately agile process to determining
what clinical samples should be retained and what subsequent
assays should be performed as we learn more about which studies
are most relevant in general, and more specifically which assays are
more relevant to different infectious agents. A collateral benefit of
systematically including T cell assays in the assessment of vaccines
is that focusing more attention on these assays will likely accelerate
simplification and cost-reduction for these tests and generate novel
technical approaches to obtain comparable information.

Finally, it is important to note an emerging, but completely
different technologic approach to tracking individual immune
response - wearable biosensors, also known as wearable biometric
devices (Box 1). Biosensors can continuously track a range of
physiologic and behavioral changes, on an individual level. Early
data from primarily consumer biosensors have found that the
detection of subtle physiologic changes post-vaccination relative
to pre-vaccination baselines allowed an objective quantification of
individual inflammatory responses (57). Some of these studies have
found a direct relationship between the degree of physiologic
change and humoral immunity (33, 58). Preliminary findings
using medical grade wearables appear to extend these findings to
include cellular immunity. This technology is not yet mature
enough to have established standardization comparable to the
other technologies reviewed here, however we anticipate that it
will achieve that maturity within a few years since it is already being
used for clinical trial primary endpoints (Figure 1). Wearable
biosensors do not have that level of standardization yet, and their
regulation will depend on the intended use, ranging from low risk,
general wellness applications that do not meet the definition of a
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medical device as defined in Section 201(h) of the FD&C Act (59) to
high-risk medical devices requiring FDA premarket approval
comparable to continuous blood glucose monitoring systems. A
wearable system that is designed to monitor an immune response
would likely meet the definition of a medical device and thus be
subject to FDA regulations and oversight as a class II or class IIT
medical device. We believe that the deployability, non-invasiveness,
and complementarity of the data collected by wearables are
expected to significantly contribute to improved understanding of
host response and adverse effect monitoring in the future.

Conclusions

COVID has brought increased public attention to the
consequences of insufficient immune protection, and the
limitations of insufficiently monitoring cellular immunity. We have
an opportunity to integrate cellular immunity and antibody testing to
inform more effective vaccination strategies and develop immune
monitoring tools that should be adopted for every therapy that
involves the immune system. A monolithic, homogenized approach
to understanding vaccine effectiveness at a total population level
overlooks the opportunity to better address the specific needs of large
and growing cohorts of elderly and immunocompromised sub-
populations. We can now better leverage the abundance of biotech
innovation to extend our ability to understand vaccine effectiveness in
different subcohorts, which itself is the first of many steps towards a
future of more personalized vaccinology.
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