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Analogy

Imagine this: You are listening to your favorite song being sung by a high school
choir, the overall average sound is perfect and harmonious to your ears. But
what if you could be the choir’s conductor, giving each singer the microphone to
sing their parts solo. You might suddenly realize that half the singers are off-key,
a quarter of them are singing a different song, and a few aren’t singing at all.
When you listen to the group as a single collective, their individual voices blend
into one “average” sound. The average might be beautiful, but it completely
masks what each person is actually doing.

/ In modern biology we face the paradoxical dilemma known as the “Averaging
Problem." For decades, researchers have studied our frontline immune system’s
defenders known as macrophages by collecting millions of them in a petri dish,
grinding them up in a biological blender, and measuring the resulting "average."
We have long analyzed and scrutinized this bulk data to understand how our
immune system fights off infections. But this approach has corrupted our

systems biology understanding, leading us to believe that all cells act uniformly
within a given system or environment.

When studying how the immune system responds to infection, we must
remember that the infection model used in the lab petri dishes is rarely 100%
efficient. For instance, consider an experiment using a multiplicity of infection
(MOQI) of 10. In theory, if you have 1 million macrophages in a petri dish, you
would add 10 million pathogens (like viruses or bacteria) and hope that each
single macrophage becomes infected. But that is rarely the case, as
demonstrated by landmark single-cell studies, such as the highly cited 2015



paper by Roi Avraham and colleagues in the journal Cell (Avraham, et al,.
2015). Which illustrated single-cell infection dynamics to be highly

heterogeneous.

Out of one million macrophage cells, usually a third will become infected with
the pathogen of study. The remaining majority becomes the uninfected
“bystander” cells. When researchers use the traditional bulk approach to
lyse the entire plate, they are blending this heterogeneous mixture together
and causing the infection cell-specific panic signals to be diluted and masked
by the uninfected bystander cells' calm background signals.

To answer this question, the
researchers had to abandon the
traditional bulk lysis and hone in on a
single-cell level. In one study,
researchers developed SCoPE2, a
miniaturized automated sample
preparation method that allows
scientists to quantitatively analyze
the proteins inside single,
individualized macrophages.

This technique substantially
increases quantitative accuracy and
throughput while lowering costs,
enabling researchers to measure
thousands of proteins in single,
individualized macrophage cells as
they grew in an environment
completely free of polarizing
cytokines.
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Figure 1: Conceptual workflow of Single-Cell ProtEomics by
Mass Spectrometry (SCoPE2). Adapted from Specht et al.

(2021), Genome Biology (CC BY 4.0).
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Figure 3C: Single-cell droplet analysis reveals that while 100% of macrophages secrete pro-inflammatory TNFa,
only a small fraction secrete anti-inflammatory IL-10. Adapted from Tiemeijer et al. (2023).

At a population level, it is widely understood that macrophages produce a
delicate balance of inflammatory signals (like TNFa) followed by anti-
inflammatory signals (like IL-10). However, the single-cell droplet analysis
revealed that this “balance” is an illusion. Exposure to LPS showed that only a
small fraction of the individual macrophages actually produce IL-10 in addition
to TNF-a. The average population-wide response hid the fact that most
individual cells were not performing both functions.
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Figure 4: A continuum of cellular states. Even when grown in the exact same environment, single-cell analysis
shows that individual macrophages display a wide, continuous gradient of different protein profiles. Adapted from
Specht et al. (2021), Genome Biology (CC BY 4.0).

Traditional biology assumes that cells kept in the exact same environment
will behave in the exact manner. However, single-cell proteomic analysis
uncovered that even in a completely homogeneous environment,
macrophage proteomes are highly heterogeneous. The data revealed a
continuous gradient of different protein states among the macrophages. This
means that no two macrophages are exactly alike, and cellular heterogeneity
emerges even without specific polarizing signals telling the cells to change.

These studies highlight that analyzing the bulk population of cells creates an
average that actively masks the true, highly localized responses happening at
the microscopic level. However, this does not mean we should discard the
biological blender entirely. Traditional bulk analysis remains absolutely
paramount for understanding the broader tissue microenvironment and the
macroscopic interactions that keep us healthy. Relying solely on bulk analysis



is like trying to understand a complex choir orchestra by only listening to a
single blended chord. It gives you the overall harmony of the concert hall, but
it misses the individual performers.

Conversely, relying solely on single-cell analysis introduces a massive level
of data complexity that can be incredibly difficult to interpret. If we give every
single cell a microphone, the sheer volume of biologicak noise can become
overwhelmning. The future of immunology lies in synergy. By incorporating
high-resolution single-cell analysis alongside traditional bulk methods, we
can map both the precise individual voices and the overarching harmony they
create. The perfectly average macrophage simply does not exist.
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Figure 5: Extracellular control and complexity of IL-10 secretion by macrophages, demonstrating the intricate
single-cell signaling networks mapped by advance analysis. Adapted from Tiemeijer et al. (2023).

e The average is an illusion: Bulk data assumes uniformity, but immune
responses are driven by highly distinct subsets of cells reacting
differently to their environment.

e Resolution matters: By utilizing single-cell analysis and physically
separating distinct cellular populations, we can finally map out the
precise biological noise and spatial differences that dictate our immune
responses.

e A synergistic approach: Whether we are trying to treat diseases, engineer
tissues, or understand immune evasion, we must stop treating cells as a
monolith while respecting the broader microenvironment.

After all, a choir with only one voice is just a solo.
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