716

CHIMIA 2020, 74, No. 9

NEeEws From NEw CHEMISTRY PROFESSORS IN SWITZERLAND

doi:10.2533/chimia.2020.716 Chimia 74 (2020) 716-723 © K. Eyer

One by One - Insights into Complex
Immune Responses through Functional
Single-cell Analysis

Klaus Eyer*

Abstract: Immune responses are highly dynamic and complex. The successful completion thereof involves and
needs many different cells from the immune system, and requires their specific interactions and functions.
Individual cells are the functional units within any immune response, and their varying frequencies and degrees
of activity shape and define the response. The state, activation and ultimately functionality of immune cells
displays high dynamic heterogeneity. Hence, there is a need for quantitative high-throughput systems that al-
low for a dynamic and functional single-cell phenotyping, linking function to the individual cells. In this regard,
my research group focuses on developing and applying technologies and analytical strategies that allow us to
measure, describe and exploit functionality within the immune system, resolved down to the individual, primary
cell, to study novel and unique research questions. While doing ex vivo measurements, we are aiming to under-
stand the functionalities of the extracted cells in vivo, within the context of our applied disturbance — vaccination,

infection or malignant transformation.
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finding novel diagnostic, prognostic, and therapeutic strategies in
various immune-related diseases and syndromes.

1. Introduction - Functionality within the Immune
System

Ultimately, the goal of any induced immune response is to
limit the damage to the organism and to overcome the threat.
These threats can be of various natures. Viruses, bacteria, fungi,
or malignant transformations are all influencing homeostasis; and
are potentially damaging for the organism. These hazards vary
tremendously in their nature and in their interactions with healthy
tissues, and the immune system needs to counter each threat with
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a specific, functionally tailored response. While the clearing of
infections with the influenza virus has been linked to the presence
of neutralizing antibodies, !l the immunological functions needed
to overcome a bacterial infection are different. Most extracellu-
lar bacteria are efficiently eliminated by complement deposition,
phagocytosis or the combination thereof.[2! Various additional ef-
fector functions are further at the disposal of the immune system,
ranging from the induction of specific antibodies, the formation
of insoluble immune complexes to the destruction of target cells
through various antibody-mediated or cellular mechanisms,?! to
only name a few (Fig. 1A).

1.1 Antibodies as Functional Mediators

Upon encountering a specific threat, the immune response
needs to generate specialized functionally appropriate effector
cells. Antibody-secreting cells and their secreted products are of-
ten prominent mediators in this process.l*! The cells themselves,
as well as their products, display high heterogeneity, and the pro-
cesses to generate a functionally protective antibody repertoire
are highly complex and dynamic.l Indeed, an infection is able
to induce a very complex and heterogeneous antibody repertoire
that shows high variance in terms of biochemical composition
(>10* different antibodies in serum) and biophysical descriptors
(affinity, specificity)l©! that is secreted by different populations
of cells. Interestingly, every generated antibody-secreting cell
contributes only one antibody variant to this complex mixture,”!
and the cellular secretion rate, the number of secreting cells (both
corresponding ultimately to concentration) and the affinity for the
target will define whether the antibody is able to interact with
the target in a meaningful manner. However, as discussed before,
binding by itself can also be just the starting point for a variety of
other, secondary effects of antibodies. Additional differences in
antibody isotype (immunoglobulin (Ig)G, IgM, IgA and others)
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Fig. 1. A) Various secondary functions can be triggered by antibodies within the immune system. The potential of an antibody to do so is related to

the paratope sequence and antibody isotype, glycosilation, as well as depending on the nature of the antigen that is recognized. Only a selection of
potential secondary functions is depicted in the figure. B) Since each antibody-secreting cell only secretes one type of antibody at a given time, the
compartmentalization enables to analyze the antibody repertoire with single-antibody resolution as compared to the current standard titer measure-

ment that averages over thousands of antibodies.

and subtypes (IgG1, IgG2a, etc.) further complicate the picture;
and define the ways in which the antibody is able to interact with
the other cells from the immune system.[23! Only a subset of an-
tibodies are functionally relevant and help the immune system to
overcome the threat.

1.2 Heterogeneity and the Need for Single-cell
Analysis

All these parameters show that the antibody-producing cells
and their products are highly variable, a variability that is masked
by measuring their average within the serum (Fig. 1B). Similar
heterogeneities, but of different nature, are found in other effec-
tor cell-populations, such as T cells that display high variability
in the amounts and combinations of cytokines produced.!® Cells
from the immune system, their state, activation and ultimately
functionality display high dynamic heterogeneity, and there is
hence a need for quantitative high-throughput systems that allow
dynamic, functional single-cell phenotyping, linking function to
the individual cells. My research group focuses on developing
technologies and novel analytical strategies that allow us to ap-
ply these in novel scientific questions to measure, describe and
exploit functionality within the immune system. We do so with
single-cell resolution, and link various functionalities to these in-
dividual cells. While performing our measurements ex vivo, we
aim to understand the functionalities of the extracted cells in vivo,
and within the context of our applied disturbance or intervention
— vaccination, infection, or malignant transformation. Therefore,
our work not only includes the measurement of these functions on
the individual cell level, but also involves the development of pro-
tocols for gentle and quick cell purification, and the development,
integration and characterization of novel bioassays that allow us
to quantify functionalities of interest. After thorough validation,
we then apply our developed assays and systems to a variety of
fundamental and applied scientific questions, and the next para-
graphs give glimpses in our past and current research efforts to
decipher, understand and exploit active immune responses using
functional single-cell analysis.

2. Measuring Individual Cells Using the DropMap
Technology

During my postdoctoral time at the ESPCI in Paris, I led the
development and characterization of a technology that now al-
lows my laboratory and collaborators to measure and quantify
the functionalities of individual immune cells, called DropMap
(Fig. 2).°1 During its development, I laid focus on developing a
simple, flexible but robust system that allows the measurement
of many different functionalities in the shortest time frame pos-
sible.

The DropMap workflow begins with the compartmentalization
of individual cells in monodisperse 50 pL aqueous droplets by us-
ing droplet microfluidics, with inert fluorinated carrier oil physi-
cally isolating the content of each droplet (droplet volume corre-
sponds to a diameter of 42 um, for comparison the cell diameter
of a standard mammalian cell is 10-15 wm, Fig. 2A). The dilution
of any molecule produced by the cell is limited and controlled due
to the monodisperse droplet size, and the small volume of 50 pL
leads to measurable, nanomolar concentrations of most produced
molecules in a few seconds to minutes. The droplet production
chip contains three inlets to introduce the outer phase (fluorinated
carrier oil containing fluorosurfactant), the suspension of cells,
and the assay reagents, respectively. The chip further displays an
outlet for collecting the produced droplets. Due to the geometry of
the chip design, cells and assay reagents are only brought together
once they are encapsulated (<10 ms), minimizing cellular interac-
tions and influences in front of singularization. The microfluidic
designs, as well as the chips for droplet production, are fabricated
in-house by using standard processes such as soft lithography in
poly(dimethylsiloxane) (PDMS).[10]

After generation of the droplets, they are directly transferred
into the observation chamber, the heart of the DropMap technol-
ogy. In its core, the observation chamber consists of two transpar-
ent surfaces at the top and bottom, and the height of the chamber
is slightly smaller than the droplet diameter (—15%).°] Hence,
the inserted droplets rearrange in a stable two-dimensional ar-
ray (Fig. 2A). This stable immobilization of the droplets allows
for time-course measurements of droplet-based biological assays
using standard fluorescence microscopes and to study function-
ality dynamically over time. The formed layer remains stable
over hours to days, far longer than the few minutes needed to
achieve functional measurements. Incubations and observations
over time are made possible for short to medium time ranges (5
min to <24 h) at temperatures between 4 °C and 37 °C, depend-
ing on the scientific question at hand. The observation cham-
ber can be re-used over months, and various sizes of incubation
chambers can be built, adapted on the availability of cells, and
the fraction of functionally active cells within the sample. One
square centimeter allows the continuous observation of around
60’000 droplets (i.e. 12°-24°000 individual cells) with 2-5 min
intervals and a standard size built on a 1x3 inch glass slide al-
lows the kinetic functional study of up to 225’000 droplets (i.e.
45°000-90’000 individual cells). The number of cells per droplet
follows Poisson distribution, and the number of cells per droplet
is adjusted to prevent multiple cells to be present, resulting in a
majority of empty droplets. However, various sizes are at disposal
to be made in-house, allowing to vary the throughput between
200 and 17000000 cells.



718

CHIMIA 2020, 74, No. 9

NEeEws From NEw CHEMISTRY PROFESSORS IN SWITZERLAND

Inlet Inlet Outlet

Cells Reagents

Inlet
Qil

Cell suspension Encapsulation and isolation

B Different functionalities available for study

@Y

| V Y

Within cell:
Intracellular enyzmes,
metabolites, etc.

Within droplet: On beadline:
Secreted enyzmes,

metabolites, etc.

2.1 Cell Purification and Encapsulation

In our experiments, we are interested in quantifying and char-
acterizing the in vivo functions of individual immune cells, and
cell purification and the quantification of induced stresses and
alterations are an important aspect of our work. The protocol for
cell encapsulation has been optimized over the last years to be as
‘stress-free’ as possible, and needs constant adaption to the used
cells. However, the quick encapsulation (5—10 min) allows speed-
ing up the process — all favorable for conserving in vivo induced
functionality. Due to subsequent measurements of functionality,
the impact of introduced alterations in the protocols can be eas-
ily quantified. We have established standard operating procedures
for many different tissues and functionalities of interest, and cell
lines, mononuclear peripheral monocytes as well as cells from the
spleen, lymphatic tissues or bone marrow from multiple species
have so far been successfully encapsulated and introduced into the
system, and their functionalities assessed. Due to the encapsula-
tion within small volumes, at some point nutrient depletion and
pH changes will become a limiting factor for long-term studies of
the encapsulated cells.l”) However, we have not only confirmed
the survival of primary cells over a 12 h time span but were also
not able to find differences to bulk measurements from cells incu-
bated in optimized conditions. On the contrary, cell lines continue
to duplicate over at least 12 h in the array; and bacteria even grow
for several weeks (unpublished observations).

2.2 Measuring Functionality — Developing Bioassays
Our main research focus lies in the ex vivo analysis of in vivo
immune functions. Functions in the immune system are often me-
diated by both cell-membrane receptors and secretion of soluble
factors, notably antibodies, chemokines and cytokines, and are ac-
companied by changes in cellular activity and states. Therefore,
an integral part of our work is to develop assays that enable us to
quantify functionality in a manner that is compatible with high-
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Fig. 2. A) Overview of the
DropMap workflow. Cells are
extracted from the tissue of inter-
est and prepared as a single-cell
suspension. The individual cells
are then compartmentalized in
droplets using microfluidic droplet
technology. The top insert shows
the nozzle area where the drop-
lets are generated at a frequency
of 1-2 kHz, and the blue circles
indicate individual cells that are
encapsulated. The bottom shows
a scheme of the used microfluidic
device, with the nozzle area indi-
cated in red. Afterwards, the drop-
lets are mapped in the observation
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fluorescence. Functionality can
be assessed within the cell, within
the droplet, on the beadline and
on the cell surface. Several assays
can also be combined, and the
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functions is possible. The bottom
row shows example images of
various assays, from left to right:
Antibody secretion, CK19 shed-
ding, CD123 expression, lactate
secretion and antibody-mediated
phagocytosis.
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throughput screenings and consequently allow the characterization
of the heterogeneity of immune cells. Development is followed by
thorough characterization and validation of these novel bioassays
that are often leaning towards simplified versions of physiologi-
cally relevant processes. The goal of this assay development is to
remove complexity without sacrificing relevance and information.

Since many functionalities in the immune system are controlled
by secreted and soluble factors, such as cytokines, chemokines,
cytotoxic enzymes or antibodies, my group focused first on the
development of methods to quantify these secreted factors (Fig.
2B). To quantify secreted proteins, we developed an in-droplet
sandwich immunoassay based on paramagnetic nanoparticles.!
To perform these assays, the paramagnetic nanoparticles are pre-
coated with a capture reagent against the target of interest — usually
an antibody that binds either a specific cytokine, chemokine or
other antibodies. Within each droplet, a few hundred to thousands
of these nanoparticles are encapsulated (depending on the expect-
ed secretion rates), and by applying a magnetic field the particles
are induced to form an elongated, observable aggregate, we termed
beadline. The use of nanoparticles increases the capacity of the
employed assays and adds additional flexibility to determine the
measurement range. If the cell now produces the analyte of inter-
est, the secreted protein will bind to the beadline, and relocate a
fluorescently labeled detection antibody that is also present in the
droplet (Fig. 3). The resulting fluorescence relocation can be read-
out as an increase in fluorescence on the beadline, normalized by
the background fluorescence in the droplet, and can be calibrated
using known protein standards to relate the measured signal to the
concentration of the analyte. Since we can follow the increase in
the concentration of the analyte in each droplet over time, the se-
cretion rate becomes accessible for each cell individually. In addi-
tion, the frequency of secreting cells can be extracted by automatic
counting of droplets with relocation above a certain threshold, and
are measured as a fraction of all present cells.
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Fig. 3. The left side of the figure shows a micrograph of individual murine antibody-secreting cells in 50 pL droplets. The analysis software detects
droplets containing individual cells (yellow), and excludes droplets with no (not shown) or multiple cells (red). The empty droplets are analyzed sepa-
rately, and are used as an internal negative control. Here, we deployed an assay to measure antibody secretion and affinity against an antigen of
interest in parallel. The smaller micrographs show the fluorescence relocation for a cell secreting IgG that bind to the target antigen (center), and the
fluorescence relocation to the beadline for a cell of similar secretion rate with no affinity (right). By measuring both fluorescence relocation values in
relation to each other (bottom), affinity and secretion rates are accessible. See also Eyer et al. for more information.®

This assay has been used to quantify the secretion or shedding
of up to 20-40 different markers, ranging from different antibody
isotypes, and a variety of murine and human cytokines (including
TNF-o, IFN-y; IL-2 and IL-6), to shed membrane proteins (Fig.
2B). All of these secreted molecules are quantified using a fluo-
rescence relocation-based, sandwich immunoassay as described
above. To identify cells and characterize membrane bound effec-
tor molecules, a similar relocation assay can be designed, measur-
ing relocation (and therefore protein concentration) on the cell
membrane. Alternatively, the droplet volume can also be used for
biochemical reactions, such as for the measurement of secreted,
small metabolites where no antibody pairs can be found — such as
lactate, ATP or other. Several fluorescence channels can be used
to measure different analytes, and up to 5-6 different function-
alities can be measured in parallel, allowing to correlate various
functionalities to the individual cell (Fig. 2B). We are currently
working on strategies to increase this number to enable even more
complex correlative studies of functionality.

2.3 Vaccination, Protection and Antibody
Heterogeneity

Vaccines have a tremendously positive effect on individual
and global health. Vaccines prevent individuals and groups of in-
dividuals from disease due to an immediate and preparatory im-
munological response. Although vaccination has been used for
centuries, the understanding of immunological reactions upon
vaccination is still limited. Nowadays, successful vaccination
is tested by measuring the antibody level within the serum.!!]
Although simple to perform, this measure does not necessarily
correlate with protection and the relationship between the two
can be complicated. Additionally, this measure does not allow to
resolve potential differences in the underlying mechanisms that
generate, evolve and store functional repertoires that ultimately
mediate protection. Therefore, vaccine development and testing is
mostly based on empirical evidence, which hinders and deceler-

ates the development of new vaccines.l'2! Within my laboratory,
we aim to measure, understand and describe antibody-mediated
protection that is induced by vaccination, following the proposal
as it is outlined in the ERC-STG-2018 ‘FuncMab’. By doing so,
we aim to not only measure and describe the functional antibody
repertoires, but also to understand the influences of varying vac-
cine composition, quality, quantity, and application routes on the
antibody repertoire. The overarching objective of this project is
to quantitatively map antibody functions on the single-cell level,
and to use these data sets to understand the selection mechanisms
involved in their generation, evolution and transfer to memory;
and finally to exploit the measurement to screen for therapeutic
candidates and to accelerate vaccine development.

To measure the secretion of antibodies, we used the fluores-
cence relocation assay described in the previous subchapter, with
paramagnetic nanoparticles coated with an anti-antibody immo-
bilization and detection reagent. This allowed us to extract the
frequency of secreting cells, as well as their individual secretion
rates and the distribution thereof in our experiments. However,
due to the described heterogeneity in functionality (Fig. 1A), af-
finity, isotype and specificity are of further interest. We added
fluorescently labeled antigen and other secondary isotype-specif-
ic antibodies in different fluorescence channels to the droplets. If
the secreted IgG recognizes the antigen of interest, fluorescence
relocation is observed in the antibody detection channel as well
as in the antigen channel (Fig. 3). In addition, the relocation in the
antibody channel can be calibrated to extract the concentration
of antibody, and the assay enables us to calculate the strength of
the interaction of the antibody with the antigen with the antibody,
the dissociation constant K. This was thoroughly characterized
by multiple model antibodies, antigens and antibody-secreting
cell lines.[) The murine IgG assay is able to quantitatively extract
the K, over a dynamic range of 4 logs (0.1-500 nM for murine
1gG2), covering the typical range of affinities found in antibody-
mediated responses. While all curves differ in the extent of reloca-
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tion, the general trend and shape are highly conserved. In addi-
tion to the frequency of secreting cells and their secretion rates,
the assay allowed a deep-phenotypic biophysical characterization
of the secreted antibody repertoire, allowing to extract affinity
(fluorescence relocation of target antigen) and specificity of each
antibody (fluorescence relocation of irrelevant/closely related an-
tigens) using an affinity threshold of K, <500 nM. This thresh-
old is further used to calculate the frequency of antigen-affine
antibody-secreting cells that can be displayed as the frequency
of total analyzed cells. All in all, we aim to use these in-depth
quantitative parameters to describe the immune response, and to
decipher the influence of different vaccination protocols (Fig. 4).
Due to ethical concerns and restrictions to work in humans, we
mostly work in murine model systems in these projects, but also
expand to other species, including healthy human donors if the
research questions allow to justify, and expanding these experi-
ments to a human setting.

In our first study, we followed the generation, evolution and
transfer of the IgG repertoire by using a snapshot analysis at more
than 15 different days in various immunologically relevant com-
partments, achieving a good temporal and spatial resolution of the
induced immune reaction.’! The goal was to describe and study the
kinetics and dynamics behind affinity maturation that ensue vac-
cination in their full detail. Using DropMap, we characterized the
antibody-secreting cells in mice immunized with tetanus toxoid
as a model antigen over a 7-week immunization protocol, simul-
taneously analyzing the secretion rate and affinity of immunoglo-
buin G (IgG) from over 0.5 million individual cells enriched from

spleen and bone marrow./! As expected, the immunization resulted
in dramatic increases in the heterogeneity of both single-cell secre-
tion rates and affinities, which spanned at maximum 3 and 4 logs,
respectively, and affinity maturation and its dynamics were nicely
illustrated in the single-cell data, whereas parallel titer measure-
ments only reflected affinity maturation by an increase of specific
antibodies over time. A novel observation of this study was the
fact that secretion rate and affinity do not correlate, a conclusion
that could only be drawn due to the high-throughput single-cell
resolved data. This correlation was a widespread assumption in
the immunological community, but our experiments confirmed the
independence of these two parameters. Furthermore, we observed
that only a small fraction of all induced antibodies were antigen-
affine (20—40%). These non-specific antibodies are not detected in
classical methods due to the absence of affinity for the target anti-
gen. According to immunological consensus, the immune response
should be rather targeted, and so the presence of almost 60—-80%
non-affine antibody-secreting cells is interesting. We have since
used this data to model the immune response,!'3! and introduced a
computational model that predicts the evolution of the distribution
of affinities of antibody-secreting and memory cells during affin-
ity maturation. These modelling experiments only represent the
measured affinities when these non-affine cells are included, and
we are very interested in describing their origin and potential func-
tions. Since these antibodies were never detected before during
target-specific serum titer assays, we internally call these cells and
antibodies the ‘dark matter of immunization’, and their presence
and function is of current research interest in my group.

Mouse Number of Number of Number of Frequency of Frequency of Median disl\ggg;:gon
analyzed cells IgG-SCs affine IgG-SCs 1gG-SCs affine IgG-SCs secretion rate e
n n n % % lgG/s nM
1 20830 215 87 1.03 042 16.5 101.5
2 17115 237 65 1.38 0.38 17.4 67.0
3 43988 438 106 1.00 0.24 12.8 76.8
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Standard deviation 0.17 0.07 1.8 13.2
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Fig. 4. Exemplary data extracted from three C57BL/6 Mice immunized with a commercial diphtheria-tetanus-poliomyelitis vaccine. The antibody rep-
ertoire was measured 24 h after challenge with tetanus toxoid, and the represented secreting-cells are activated memory cells. This method allows
to quantitatively assay the generated memory that responds to challenge (see also refs [9]). The technology and employed data analysis allowed to
quantitatively measure frequencies of antibody-secreting, affine and non-affine cells; as well as their median secretion rates and affinities. However,
additionally we can use the data to compare various immunization protocols, and specifically compare the distributions of secretion rates (bottom,
left), affinities (bottom, middle) and the correlation of affinity and secretion rate. Additional functionalities can be added (isotype, different antigens,
etc.). Here, all three mice are immunized similarly, and the data is non-significantly different. These mice were part of a larger study!"® where we mea-

sure the influence of vaccine additives on the quality and quantity of induced memory cells. See refs [15] for more explanation about the calcula-

tions.
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Although powerful and highly resolved, a thorough kinetic
analysis using such an approach was time consuming, com-
plex and carried a high animal load. Due to these limitations,
our method seemed unsuitable to characterize or optimize dif-
ferent immunization schemes; a foreseen next step in the ERC-
STG. However, within this original study, we also observed a
quick spike in the frequency and affinity of immunoglobulin
G-secreting cells (IgG-SCs) early after challenge with pure an-
tigen. This spike was of interest since one of the major goals
of vaccination is to prepare the body to rapidly secrete specific
antibodies during a re-infection or challenge with the same anti-
gen. We hypothesized that the recalled and reactivated IgG-SCs
found in the spleen early after recall would be a good proxy to
characterize the preceding immunization protocol and give an
integrative overview of the success rate of the generation, evalu-
ation and transfer of the immunization-induced IgG-repertoire.
Indeed, as we have subsequently shown,!!4l early measurements
extracted after challenge correlated strongly with preceding im-
munization protocols, and were free of newly generated anti-
body-secreting cells. We further confirmed that our phenotypic
analysis of antibody-secreting cells after challenge strongly cor-
related with the different immunization schemes employed that
is varying dose, antigen, formulation, or the duration of vaccina-
tion. A phenotypic comparison of IgG-SCs present in the spleen
during immunization or after recall revealed similarities but also
significant differences, showing again the dynamic nature of the
immune response, but also illustrating differences in immedi-
ate response and memory. The developed approach introduced a
novel, quantitative and functional highly resolved alternative to
study the quality of the immunization-induced memory, and we
now regularly use this method to quantify the quality of present
memory (Fig. 4).

2.4 Vaccination, Protection and Antibody Functionality

Antibody-mediated protection after vaccination can be me-
diated by many different effector functions within the immune
system, and so far we have mostly discussed antibody binding
towards the antigen. Binding the antigen is only a first — although
important — step for the various immunological effector func-
tions sparked by antibodies. Possible antibody functionalities are
manifold (Fig. 1A). Not all of these functions can be triggered
by an antibody that simply recognizes the target with sufficient
affinity. Some functions are strongly related to the isotype, or the
presentation and density of the antigen on the expressing cell.
The functional repertoire only overlaps partly with the present
antigen-specific repertoire that is currently accessible through
screening and sequencing.!!>] Additionally, it has been well-de-
scribed that different biological agents need to induce diverse
immune responses within an individual to be encountered suc-
cessfully. In terms of antibodies, different threats need appro-
priate functional repertoires. This cannot only be true for the
natural encountering of antigens but must also have an impact
on the protection mediated by vaccines. When evaluating new
vaccine candidates as well as existing vaccines, the variety of
functional repertoires have to be carefully monitored and quan-
tified to adapt the vaccine to generate the most beneficial and
lasting response.

A current research focus is to introduce bioassays that al-
low studying various antibody-mediated functionalities (Fig.
1A). These projects built upon the already existing microfluidic
technology, and by using specific bioassays that target various
antibody functions and their biophysical parameters we aim to
generate high-resolution data. The functional repertoires are fol-
lowed over time to monitor repertoire evolution and memory, and
the influence of introduced alterations in the vaccines are moni-
tored on the level of the functional repertoires in a highly meth-
odological fashion, allowing a quantitative approach to study the

interactions between the vaccine components and the repertoires.
We want to study the functional antibody repertoires after vac-
cinations with the goal to firstly quantify the various functional
repertoires, secondly understand the interactions between vaccine
components and the repertoires, and thirdly to influence the gen-
eration, evolution and storage of said repertoires. The deep and
robust functional description of the repertoire and methodologi-
cal alterations of the vaccine allow searching for bio-signatures
within the data sets that generate an understanding of the interac-
tions, a knowledge that can be used to steer the immune response
towards wanted repertoires. Quantitative functional information is
crucial to advance scientific knowledge in our applications, and
the accurate analysis of immune responses to individual cell reso-
lution are crucial.

2.5 Novel Correlation of Functionalities

Additionally we are also expanding our assays beyond protein
secretion. Exemplarily, we correlate immune functionalities and
metabolism on the single-cell level. Following activation of im-
mune cells, metabolic pathways are switched on/off due to the
engagement in energy-demanding processes such as secretion,
division and differentiation. As of today, direct measurement of
cellular metabolism is mostly carried out in bulk; neglecting cellu-
lar heterogeneity and sub-populations within the immune system.
However, the function and activation is directly linked to each
individual cell, and we need to assess cellular metabolism with
single-cell resolution as well and in parallel to correlate metabo-
lism to cellular function within the immune response.

2.6 Sorting, Seugnecing and Reverse Identification of
Functional Cells

Our methods enable to characterize the repertoire of individu-
al functional cells at high-throughput, for instance to extract func-
tional information from single IgG-SCs, and therefore single an-
tibodies, such as specificities, affinities and the triggered immune
functions that are of great interest for therapeutic candidates.
Indeed, the natural antibody repertoire represents a prime library
to find antibody leads for diagnostic, therapeutic or research ap-
plications. Whilst many technologies exist that enable the screen-
ing and mining of the antibody repertoire for antigen binding,
the in-depth phenotypic characterization (affinity, specificity, rel-
evant function) of the antibodies is done usually after selection
and sequencing, and expression systems are needed. This labori-
ous process represents a bottle-neck if many sequences need to be
assayed. A much more directed approach includes the character-
ization of the antibodies in front of sequencing, and only to select
antibodies with preferable biophysical properties. Therefore, we
aim to put our thorough phenotypic characterization in front of
total or targeted single-cell RNA sequencing with the possibility
to select and sequence solely the events of interest. The workflow
involves the analysis of the functionality of interest (phenotype),
and through selection and sorting of the cells of interest allows
studying the transcriptomic profile of the cell; ultimately linking
the two. First, we want to apply this methodology towards the
screening of the antibacterial antibody repertoire for functional
active antibodies that allow bacterial killing through complement
as a monoclonal species. These agents may offer new ways of
fighting antibiotic resistance and bacterial infections with multi-
resistant bacteria; and the combination of the DropMap analysis
with targeted sequencing allows to link phenotype (affinity, speci-
ficity, a secondary function such as phagocytosis, complement
deposition) with the respective antibody sequence.

As a second application, the method is paired with a full sin-
gle-cell transcriptomic analysis to functionally characterize the
identity and survival of antibody-secreting cells along the immune
response. The state-of-the-art efforts of immunologists to under-
stand this complex system and its highly dynamic reactions and
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functionalities involved the categorization of immune cells into
different cell subsets by their morphological phenotypes and mo-
lecular markers. These phenotypically and molecularly defined
cell subsets were then assigned specific functions within the im-
mune system — and in vitro and in vivo studies were used to verify
these assignments. Here, we study the identity and characteris-
tics of these cells reversely, starting with their function (antibody
secretion) and moving towards the characterizations of the cell
population(s). A special focus is laid on the antibody-secreting
cells present during germinal center reactions within the spleen;
and their identity and transcriptomic profiles are analyzed after
sorting for functionality, i.e. antibody secretion. Here, we aim to
find a better definition of the identity of antibody-secreting cells
during the germinal center reaction, one that centers on their func-
tionality.

3. Outlook

The deciphering of the dynamic processes at the single-cell
level is critical to describe, understand and exploit the funda-
mental mechanisms underlying immunity, to develop new and
improved strategies for vaccination and cancer immunotherapy,
and to diagnose, improve and unravel novel strategies to combat
inflammatory, autoimmune and infectious diseases. The useful-
ness of these methodologies is not only limited to vaccination,
but were also applied to study and describe acute lymphocytic
choriomeningitis virus (LCMV) infection in micel'®l where we
were able to describe significant differences in chronic and acute
viral infections. In this article, we aimed to give an overview over
the various research activities that are currently taking place in my
lab, centered on antibody-mediated functionalities and vaccina-
tions. However, we also aim to expand the application of our de-
veloped methodologies. We have already published the possibility
to measure cytokines secreted from individual T and innate im-
mune cells,! and we are currently exploring different directions
that study the usefulness of this quantitative, functional measure
in personalized and precision medicine, diagnostics and immu-
nooncology, and most recently SARS-CoV-2.
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