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In brief

Innate immune cells can remember prior
experiences with pathogens. Here,
O’Farrell et al. provide quantitative
measurements of stimulus specificity of
trained innate immune memory in primary
human monocyte-derived macrophages.
Specificity in the trained state exists
within epigenetic, transcriptomic,
proteomic, and signaling compartments
of a trained macrophage.
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SUMMARY

Trained immunity (a form of innate immune memory) is defined in part by heightened responses to pathogen
restimulation and can be generated by many different stimuli. However, both the quantitative differences in
trained states generated by different stimuli and the downstream consequences of those differences remain
unclear. Here, we used primary human monocyte-derived macrophages to demonstrate phenotypic and mo-
lecular stimulus specificity of trained immunity 6 days after initial exposure. Quantification of cytokine pro-
duction with single-molecule RNA imaging revealed stimulus-specific patterns of response to restimulation,
with trained cells showing stronger responses to secondary stimuli more similar to their initial stimulation.
Differential licensing of inflammatory transcription factors was associated with encoding of specificities in
chromatin 6 days after training, while memory of some, but not all, training stimuli was lost by 11 days
post-training in vitro. Overall, our findings demonstrate that different training stimuli can impart specific
memories that generate distinct training phenotypes.

9,16,17

INTRODUCTION including functional protection from infection, metabolic

changes,'®"° or increased production of key cytokines such as

Although once believed incapable of forming memory, macro-
phages are now understood to change functionally following
an encounter with an inflammatory stimulus. One such form of
innate immune memory is trained immunity, or training, through
which macrophages return to a resting inflammatory baseline
but mount a stronger and faster inflammatory response to re-
stimulation.'® Training is typically contrasted with priming mem-
ory, whereby cells retain elements of immune activation
following initial stimulation (such as active immune gene tran-
scription), and “tolerance” memory, whereby cells mount a
weaker response to restimulation.®

By these definitions, many different stimuli are capable of
generating trained immunity, including pathogen-associated
molecular pattern (PAMP) stimulation in vitro,~® vaccination,”™
infection in vivo,'®"" host factors,'®"'® and tissue injury.'*'®

Most studies of trained immunity emphasize qualitative effects
of training that are shared across these distinct training stimuli,

TNF and /L6.”'?> Comparatively less focus, however, has been
placed on possible differences in the trained states that are
induced by different training stimuli. Efforts to compare trained
states post facto typically rely on meta-analyses of published
literature.>>° However, observed phenotypes of trained immu-
nity are incredibly sensitive to even subtle differences in experi-
mental design®"*** and to genetic and non-genetic differences
across individual human donors,”>** motivating the need for
direct comparison of trained states in a highly controlled, quan-
titative manner.

Recent experimental efforts to make these direct compari-
sons have indeed revealed longer-term (1-4 weeks after stimu-
lation) epigenetic®®?® and transcriptomic®®?’ differences in
trained states generated by different stimuli, adding to earlier
work demonstrating specificity of innate immune memory at
short timescales (around 24 h after stimulation).”®*' Other
forms of innate immune memory, including the formation of
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Figure 1. Cells trained with different stimuli mount distinct responses to restimulation
(A) Schematic of experimental procedure. Primary human monocytes were collected from the apheresis product of healthy donors and trained with either 5 pg/mL
B-glucan or 1 pg/mL MDP during the first 24 h of culture. On day 6, cells were restimulated with either fungal zymosan (10 pg/mL) or bacterial LPS (100 ng/mL) for
2h.
(B) Schematic of experimental question and possible results. If f-glucan and MDP training exist on a continuum of a universal training state, then one stimulus
should always mount a stronger response to secondary stimulation than the other. If memory states are distinct, different stimuli may mount stronger responses
to different secondary stimuli.
(C) Expression of TNF, CXCL10, and IL6 assessed by RNA FISH in untrained (gray), p-glucan-trained (brown), and MDP-trained (green) cells on day 6 of culture
before restimulation.

(legend continued on next page)
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endotoxin tolerance,” polarization toward M1 versus M2
states,®” and memory of stimulation by different classes of in-
terferons,??*° are also known to have stimulus-specific out-
comes. However, it largely remains unknown whether stim-
ulus-specific training memories affect relevant cellular
behaviors, including possible quantitative differences in their
responses to different secondary stimulations or differences
in memory durability.

Here, we used high-resolution single-cell imaging approaches
and bulk epigenetic profiling to identify specificities in trained
memory formation and maintenance by two distinct PAMP stimuli
(B-glucan and muramy! dipeptide) in primary human monocyte-
derived macrophages. We quantified stimulus-specific differ-
ences in both the encoding of the trained state into the epigenome
and the decoding of this memory into phenotype following restim-
ulation, as well as the durability of these changes over time.
Trained cells mounted a stronger response to secondary stimuli
more similar to their initial stimulation, suggesting that specificity
in the trained state has functional consequences toward future in-
flammatory responses. Together, our findings demonstrate that
specific memory of distinct PAMP exposure is retained at least
6 days following stimulation and that retained specificities of mem-
ory influence the response of trained cells to restimulation.

RESULTS

Cells trained with different stimuli mount distinct
responses to restimulation

We sought to establish that different training stimuli elicited
distinct trained states. We thus first aimed to quantitatively mea-
sure phenotypic differences in the trained state that was induced
by distinct stimuli, looking for differences in their response to
secondary stimulation. We elected to use in vitro trained human
monocyte-derived macrophages, a commonly used model sys-
tem for innate immune memory.**'"?23* e chose to examine
two different primary stimuli in detail: the fungal ligand p-glucan,
which is well established to generate trained immunity
in vitro,**>*% and the bacterial mimetic muramyl dipeptide
(MDP), which is thought to mimic the cellular pathways induced
through in vivo training with the Bacillus Calmette-Guérin (BCG)
vaccine.®>*” p-Glucan and MDP are both commonly used to
induce trained immunity (and have both been shown to generate
canonical trained phenotypes such as increased TNF and IL6
production), but signal through distinct pathways—as such,
comparing the trained responses they generate allowed us to
test the hypothesis that memories specific to the primary stim-
ulus can affect the secondary response.

¢? CellPress

To generate trained cells, we collected monocytes from the
apheresis product of healthy donors and stimulated them with
the primary stimulus (B-glucan or MDP) for 24 h. Untrained
(control) cells received no stimulation during this time. After
24 h, p-glucan or MDP was removed, and the cells were
allowed to rest for 5 additional days, during which time they
differentiated into monocyte-derived macrophages.®>>> On
day 6, we evaluated the phenotype of these cells, both before
and after a secondary stimulation (Figures 1A and 1B). Be-
fore secondary stimulation on day 6, trained cells were no
longer producing proinflammatory cytokines (Figure 1GC;
Figure S1A). This reversion to baseline levels of immune acti-
vation is archetypal of the trained phenotype, in contrast to
priming memory.*-®

We wanted to determine what phenotypic differences existed
between the trained state of cells with memory of prior p-glucan
exposure versus MDP exposure. To this end, we restimulated
untrained, p-glucan-trained, and MDP-trained cells with a sec-
ondary stimulation of either lipopolysaccharide (LPS, derived
from bacteria, as is MDP) or zymosan (derived from fungus, as
is B-glucan), with the hypothesis that specificity in the trained
state might manifest in a stronger response to a secondary stim-
ulus more similar to the inducing stimulus (Figure 1B).

We found quantifying the proportion of single cells in the pop-
ulation first to express IL6 or CXCL10 following restimulation us-
ing single-molecule RNA fluorescence in situ hybridization (RNA
FISH) to be an accurate representation of training within a pop-
ulation of cells exposed to initial stimulation (for more information
regarding single-cell quantification of inflammatory gene tran-
scription in trained populations, please see our companion
manuscript®®). As such, we compared the proportion of un-
trained, p-glucan-trained, and MDP-trained cells expressing
IL6 or CXCL10 2 h after stimulation with either LPS or zymosan.

In the majority of donors, we found that p-glucan-trained pop-
ulations had a greater number of cells expressing /L6 following
stimulation with zymosan (6 of 8 donors), while MDP-trained
populations had a greater number of IL6 expressers following
stimulation with LPS (7 of 8 donors) (Figure 1D; Figure S1C).
This trend was also somewhat present, although in fewer do-
nors, for CXCL10 expression (Figure 1E).

These results demonstrate that specific details of a prior in-
flammatory experience (namely, the identity of the pathogen
that was experienced) are retained in trained cells for at least
6 days. These specific memories then influence the magnitude
of the inflammatory response induced by secondary stimulation,
in a manner dependent on the identity of both the primary and
secondary stimuli.

(D and E) Proportion of cells expressing IL6 or CXCL10 in untrained (gray), f-glucan-trained (brown), and MDP-trained (green) populations, 2 h after stimulation
with either LPS or zymosan. Values were normalized to the untrained value for each donor (indicated by dashed line).

(F) Change in surface protein expression of Dectin-1 and TLR4 between untrained and p-glucan-trained cells (left, brown), and between untrained and MDP-
trained cells (right, green), assessed by flow cytometry on day 6 of culture before secondary stimulation.

(G) Left: representative image of fluorescent signal from cells 60 min after stimulation with pH-rodo-labeled E. coli. Donor shown is ND580, and the image is
representative of 3,100 cells. Right: mean fluorescence per cell (as a metric for amount of phagocytosed particles) over time for untrained (gray), f-glucan-trained
(brown), or MDP-trained (green) cells. Error bars reflect the standard error of the mean.

(H) Left: schematic of experimental procedure. Primary human monocytes were collected from the apheresis product of healthy donors and trained with either
5 pg/mL B-glucan, 1 pg/mL MDP, or a combination of 5 pg/mL p-glucan plus 1 pg/mL MDP during the first 24 h of culture. On day 6, cells were restimulated with
bacterial LPS for 2 h. Right: proportion of cells expressing /L6 or CXCL10 in untrained (gray), p-glucan-trained (brown), MDP-trained (green), or combo-trained
(navy) populations, 2 h after stimulation with LPS. Values were normalized to the untrained value for each donor (indicated by dashed line).

Number of single cells analyzed per condition can be found in Table S4.
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Figure 2. Cells trained with different stimuli have distinct epigenetic profiles
(A) Schematic of experimental procedure. Cells were trained with either f-glucan or MDP on the first day of culture, before resting for 5 days. On day 6, cells were

harvested for ATAC-seq to assess chromatin accessibility.

(B) Representative examples of nonspecific (left) and specific (right) memory regions. At nonspecific memory regions, accessibility changed compared with
untrained cells in both training conditions. At specific memory regions, accessibility changed compared with untrained cells in one training condition but not the
other. BigWig files shown here are merged across technical duplicates, for donor ND410b.
(C) Venn diagram of differential chromatin accessibility in trained cells compared with untrained cells, for regions with high statistical confidence (padj < 0.05 for

differential accessibility at that region in at least 2 of 3 donors).
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It is possible that pathogen sensing may partly explain these
results. MDP is recognized by the intracellular sensing protein
NOD2, while LPS is recognized by surface Toll-like receptor 4
(TLR4). However, zymosan can be recognized by both TLR2
and Dectin-1 receptors (Dectin-1 is the primary receptor that
recognizes B-glucan). B-Glucan-trained cells had slightly higher
surface Dectin-1 expression, while MDP-trained cells had
slightly lower expression, although neither difference was statis-
tically significant (Figure 1F). Neither trained population signifi-
cantly upregulated TLR4 expression. This result suggests that
the increased response to fungal-derived stimuli by cells trained
with p-glucan might stem from improved recognition and
sensing via upregulation of Dectin-1. However, the limited
magnitude of this change suggests improved pathogen sensing
may only partly explain these observations.

Macrophages perform many tasks beyond just cytokine and
chemokine production. One is phagocytosis, the ability to inter-
nalize pathogens. We measured the ability of trained and un-
trained cells to perform phagocytosis of attenuated E. coli con-
jugated to a dye that fluoresces in the low-pH environment of a
phagosome, allowing us to use the fluorescent signal as a
readout for phagocytosis efficiency. Both p-glucan-trained and
MDP-trained cells had higher mean fluorescence than untrained
cells (indicating more efficient phagocytosis), but MDP-trained
cells had 1.1-1.5 times stronger fluorescent signal than
B-glucan-trained cells 1 h after stimulation (Figure 1G), demon-
strating stimulus-specific differences in the functional properties
of trained cells beyond immune gene transcription.

Given that training increased the expression of /L6 and
CXCL10in a stimulus-specific fashion, we wondered what would
occur if we trained cells with a combination of both stimuli simul-
taneously. We hypothesized that training with both stimuli would
lead to even greater expression of these genes following restim-
ulation with LPS than what was observed with single-agent
training, as all activating pathways specific to one stimulus
would be activated by the combination treatment. Intriguingly,
however, we observed an unexpected result: training with both
stimuli simultaneously yielded a hybrid phenotype, whereby cells
expressed an intermediate amount of /L6 and CXCL710
compared with what was seen in populations trained by either
stimulus alone (Figure 1H; Figure S1D). This composite pheno-
type suggests that distinct specific memories can interact within
a population of cells in a complex fashion; however, it remains
unknown what mechanism could generate such intermediate
phenotypes.

¢? CellPress

Cells trained with different stimuli have distinct
epigenetic profiles

We next looked at the epigenome of our trained populations to
search for differences in memory “encoding.” Because many in-
flammatory activation pathways (including those initiated by
MDP and p-glucan) partly converge upon core signaling factors,
we were curious about what molecular differences may exist be-
tween retained memories of these different training stimuli.

We performed assay for transposase-accessible chromatin
sequencing (ATAC-seq), which measures chromatin accessi-
bility, on monocyte-derived macrophages from three human do-
nors, 6 days after training with a primary stimulus of g-glucan or
MDP but before any secondary stimulation (Figure 2A). We
compared regions of differential accessibility to untrained cells
across these populations to determine whether these differen-
tially accessible “memory regions” were in the same locations
(nonspecific memories) or different locations (specific memories)
for cells trained with different stimuli.

We identified both specific and nonspecific memory regions in
trained cells (Figure 2B). Donor heterogeneity is a known obstacle
in the study of trained immunity in primary human samples,?*24“°
and we observed sizable heterogeneity in the memory regions
identified across different donors (Figure S2A). As such, we
focused on the 469 memory regions found to be significantly differ-
entially accessible from untrained cells (padj < 0.05) in at least 2 of
our 3 sequenced donors (we term these “highly confident” mem-
ory regions) (Figure 2C). The majority of highly confident memory
regions (86% of 3-glucan memory regions and 79% of MDP mem-
ory regions) were differentially opened compared with untrained
cells (Figure S2B). Of all highly confident memory regions (opened
and closed with training), 21% were nonspecific (differentially
accessible to untrained in both p-glucan-trained and MDP-trained
cells), 11% were specific to p-glucan-trained cells, and 68% were
specific to MDP-trained cells.

We next linked our highly confident memory regions to their
closest gene and performed Gene Ontology (GO) enrichment
analysis®' (Figures 2D and 2E). For genes nearby regions which
opened nonspecifically with training, we found strong enrich-
ment in immune and metabolism-associated pathways, aligning
with the wealth of published literature linking trained immunity to
metabolic changes.'®%*>~** Ontological terms specifically en-
riched in B-glucan memory regions included cell migration and
cell cycle-associated pathways, while those specific to MDP
memory regions were enriched in tissue development and meta-
bolic processes.

(D) Top 10 (ordered by statistical significance) Gene Ontology (GO) terms that were nonspecific (left, enriched in both p-glucan-trained and MDP-trained
differentially opened chromatin), specific to training with g-glucan (middle), or specific to training with MDP (right) for differentially opened regions of high sta-
tistical confidence. Colors reflect the functional category of each term, with the legend shown in (E).

(E) Functional category proportions for all statistically significant (false discovery rate [FDR] < 0.1) GO terms that were nonspecific (middle), specific to p-glucan
(top), or specific to MDP (bottom).

(F) Heatmap of differential transcription factor motif accessibility for trained versus untrained samples from each donor, assessed by chromVAR. Heatmap colors
denote Z score enrichment for each motif, with untrained cells from that donor set as the baseline for comparisons.

(G) Z score enrichment for accessibility of transcription factor motifs of interest in f-glucan-trained (brown) and MDP-trained (green) chromatin compared with
untrained, assessed by chromVAR.

(H) Venn diagram of bound factors of high statistical confidence (significantly differential in at least 2 of 3 donors) gained (top) or lost (bottom) on trained chromatin
compared with untrained.

() Significantly differential bound factors of high statistical confidence (significantly differential in at least 2 of 3 donors) between chromatin of p-glucan-trained
cells (brown) and MDP-trained cells (green).

Number of single cells analyzed per condition can be found in Table S4.
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We found no specifically enriched GO terms for closed chro-
matin in p-glucan-trained cells (likely due to the smaller number
of identified regions). The one identified nonspecific GO term
involved L-serine catabolism, which is known to regulate inflam-
mation.*® We also identified enrichment in metabolic, develop-
mental, and cell-cell communication-associated ontologies
specific to closed chromatin regions in MDP-trained cells
(Figure S2C).

Although stimulus-specific differences in the genomic loca-
tions of memory-induced epigenetic alterations have been iden-
tified in macrophages 24 h after stimulation,”® we demonstrate
here that such specificities of differential chromatin accessibility
due to training can be retained in the longer term (at least 6 days)
in primary human macrophages.

Next, we used chromVAR*® to perform a motif analysis across
all peaks in our trained and untrained samples in an effort to con-
nect differentially accessible chromatin regions to putative tran-
scription factor activity (Figures 2F and 2G). We first looked for
transcription factor motifs that were differentially enriched
compared with untrained cells across conditions, i.e., nonspe-
cific training motifs. We saw a strong increase in accessibility
of motifs associated with NF-kB across all conditions, fitting its
canonical role as both a mediator of the inflammatory response
and a regulator of chromatin remodeling during inflammation.*”
We also found a strong decrease in accessibility of motifs for
transcription factors linked to cell differentiation and immune
regulation, including RARA and NR4A1. In 2 of 3 donors, we
saw strongly decreased accessibility in regions containing AP-
1-associated motifs, including FOS and JUN. Accessibility of
AP-1-associated motifs has been shown to increase across
many other forms of cellular memory.**>" It’s possible that the
decrease in accessibility of AP-1 motifs observed in this study
may be due to the differentiation process from monocyte to
macrophage that occurs while in culture, supported by a further
decrease in accessibility of these motifs in both trained and un-
trained cells after 11 days in culture (see Figure 4; Figures S3A
and S3B).

We then asked which transcription factor binding sites were
more accessible in one trained state than the other. p-Glucan-
trained cells showed slightly higher enrichment for NFAT motifs,
supported by prior work demonstrating that p-glucan activates
NFAT.*?> MDP-trained cells showed greater enrichment in IRF
family motifs including IRF1, as well as in macrophage lineage
factor SPI1.

We next wanted to determine whether the presence of these
differentially accessible motifs might be due to transcription
factors still being physically bound to chromatin in trained cells.
To do so, we used TOBIAS,>® which identifies regions within
peaks of accessible chromatin with lower-than-expected read
counts, suggesting that a transcription factor may have been
bound at that location at the time of sample collection. We
found that bound factors lost in trained populations (i.e., more
present on untrained chromatin) were more consistent across
different training stimuli, while bound factors gained in trained
populations showed more stimulus specificity (Figure 2H). In
particular, we saw a nonspecific loss in differentiation-associ-
ated factors (including NR4A1 and CEBPD) and a nonspecific
gain in NF-kB-associated factors. These results were consis-
tent with our chromVAR analysis above, suggesting that differ-
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entially accessible motif sequences at least partly reflect the
activity of bound transcription factors.

We next directly compared the p-glucan-trained and MDP-
trained states to each other to identify putative differentially
bound transcription factors between the two trained states
(Figure 2I). Both states were enriched for development-associ-
ated factors, although from different transcription factor families
(B-glucan-trained cells showed greater bound CEBP and TCF
family factors, while MDP-trained cells showed greater bound
SPI and RUNX family factors). Cells trained with MDP also saw
greater enrichment for factors involved in interferon signaling,
with several IRF and STAT family factors identified in this anal-
ysis. p-Glucan-trained chromatin was enriched for bound factors
linked to epithelial-mesenchymal transition (including ZEB1 and
SNAI1) and inflammatory regulators (particularly those associ-
ated with M2 states, including GLI3,** CREB,*® and EGR2°°).
We also identified differential binding of broadly regulating tran-
scription factor families, including TBOX-family factors enriched
on B-glucan-trained chromatin and ETS family factors on MDP-
trained chromatin.

We hypothesized that, based on this differential transcription
factor binding, B-glucan-trained cells may reflect a more M2-
like activation state and MDP-trained cells a more M1-like
state. As such, we performed flow cytometry for surface pro-
teins CD80 and CD206, markers associated with M1 and M2
macrophage states, respectively. In 2 of 3 donors, a higher pro-
portion of MDP-trained cells expressed CD80 than both
B-glucan-trained cells and untrained cells. In all 3 donors, a
higher proportion of p-glucan-trained cells expressed CD206
than both MDP-trained and untrained cells (Figure S2E). These
results support the hypothesis that f-glucan-trained cells may
exhibit a more M2-like phenotype and MDP-trained cells a
more M1-like state.

Differences in chromatin accessibility between cells trained
with B-glucan versus MDP were associated with differential ac-
tivity of transcription factors, with some factors reflecting a
generalized training response and others differentially implicated
in training with different stimuli. These results suggest different
training stimuli activate both shared and specific transcription
factors to generate long-term specificities in chromatin accessi-
bility that are retained at least 6 days following training. Future
studies may reveal functional connections between these spe-
cific transcription factor enrichments and functional activities
of trained cells (for instance, enrichment in EMT factors and
the migration patterns of trained cells).

Trained cells retain residual active signaling factors

6 days after training

Our ATAC-seq analysis suggested that many immune-activating
transcription factors were still actively bound to the chromatin of
trained cells more frequently than untrained cells. We wanted to
determine whether trained cells also retained active phosphory-
lated versions of these proteins before restimulation, which
would indicate ongoing active signaling through these pathways
that might be maintaining chromatin accessibility 6 days after
training. It has also been suggested previously that ongoing
active signaling may itself encode innate immune memory,
such that without continuous ongoing signaling, differentially
accessible chromatin regions cannot be maintained.>’
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Figure 3. Trained cells retain residual active signaling factors 6 days after training

(A) Schematic of experimental procedure. Cells were trained with either -glucan or MDP during the first day of culture. On day 6, nuclear phospho-p65 (pp65) and
phospho-STAT1 (pSTAT1) were assessed by immunofluorescence either immediately before or 5, 10, or 20 min after stimulation with either LPS at 100 ng/mL
(pp65) or IFN-y at 50 ng/mL (pSTAT1).

(B) Left: representative images of fluorescent pSTAT1 (top) or pp65 (bottom) signal in trained and untrained cells on day 6. Right: representative images of
fluorescent pSTAT1 (top) or pp65 (bottom) signal in MDP-trained cells 20 min after stimulation with LPS (pp65) or IFN-y (pSTAT1). Immunofluorescence signal is
contrasted identically across all images. Donor shown is ND602b, and the images are representative of ~1,900 cells per condition.

(legend continued on next page)
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As such, we performed immunofluorescence for phospho-p65
(pp65, the RELA subunit of NF-kB) and phospho-STAT1
(pSTAT1) in untrained, p-glucan-trained, and MDP-trained cells
6 days after training (Figures 3A and 3B). Indeed, trained popu-
lations showed slightly higher nuclear levels of pp65 and pSTAT1
than their untrained counterparts 6 days after the initial stimula-
tion, suggesting that signaling through these pathways did not
fully resolve in this time period (Figures 3C and 3D). MDP-trained
cells showed slightly higher pSTAT1 levels than $-glucan-trained
cells, but levels were generally comparable between the trained
states. However, the magnitude of phosphorylated protein in
trained nuclei at this resting state was much lower than what
was observed immediately following an acute restimulation
(Figures 3C and 3D).

We wondered whether trained cells also re-activated NF-xB and
STAT signaling pathways following restimulation faster than un-
trained cells. We quantified nuclear pp65 5, 10, and 20 min
following restimulation with LPS and nuclear pSTAT1 5, 10, and
20 min following restimulation with interferon y (IFN-y)
(Figure 3E). Despite comparable remnants of phosphorylated
pp65 and pSTAT1 in the nuclei of MDP- and p-glucan-trained cells
at the resting state, upon restimulation, MDP-trained cells robustly
activated both signaling pathways at greater magnitude and speed
than either B-glucan-trained or untrained populations. p-Glucan-
trained cells activated both signaling pathways at a greater magni-
tude than seen in untrained populations, but these effects were
relatively smaller than what was observed in MDP-trained cells.

Together, these results demonstrate that trained populations
retain residual nuclear phosphorylated p65 and STAT1 6 days af-
ter training, despite cytokine transcription remaining fully off
before restimulation. The remnants of signaling pathway activa-
tion 6 days after the initial stimulation may be partly responsible
for maintaining differential chromatin accessibility in trained
cells, allowing for a faster transcriptional response to restimula-
tion. Nuclear pSTAT1 levels before stimulation were higher in
MDP-trained than p-glucan-trained populations in 2 of 3 donors,
aligning with greater observed chromatin accessibility of STAT
motifs in MDP-trained cells.

Durability of the trained state is stimulus specific
Durability, or the longevity of a memory state beyond the initial
stimulation, is an important characteristic of trained immunity.
Indeed, at longer timescales (beyond 6 days), training memories
have been previously shown to be forgotten weeks to months af-
ter initial stimulation.®® Our highly controlled, in vitro experi-
mental setup allowed us to assess the durability of training mem-
ory of a single stimulation event without influence from external
signals that might occur in vivo. We thus aimed to determine
whether the trained state induced by different stimuli differed
in its durability (i.e., whether memory of one stimulation was
forgotten more quickly than another).

To assess the durability of the encoded state, we performed
ATAC-seq on monocyte-derived macrophages from one human
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donor 6 and 11 days after training with either p-glucan or MDP
(Figure 4A). These primary human cells can change state over
time while in culture: in an effort to control for these changes,
we compared each trained state to an untrained sample taken
on the same day (day 6 trained state compared against untrained
cells cultured for 6 days; day 11 trained state compared against
untrained cells cultured for 11 days) (Figures S3A and S3B).

Although strongly differential on day 6, transcription factor
motif enrichment between MDP-trained and untrained cells on
day 11 for key inflammatory regulators in the NF-xB family was
nearly identical. By contrast, p-glucan-trained cells still retained
a strong enrichment of these NF-kB-associated factors in acces-
sible chromatin 11 days after training compared with untrained
cells (Figures 4B and 4C). p-glucan-trained cells also had slightly
greater nuclear pp65 than MDP-trained cells on day 11 by immu-
nofluorescence, although both trained populations had more
pp65 signal than untrained cells (Figure S3C).

We next compared the differential accessibility (log, fold
change [FC] of accessibility between trained and untrained con-
ditions) of the differentially accessible regions of high statistical
confidence identified in Figure 2, for samples sequenced on
day 6 versus day 11 (Figure 4D). For MDP-trained cells from
this donor, only 1% of highly confident memory regions retained
a logoFC > 1 (compared with 29% of regions on day 6). By
contrast, for p-glucan-trained cells, 25% of these regions re-
tained a log,FC > 1 (compared with 39% on day 6). Thus, chro-
matin accessibility changes generated by training with p-glucan
appear to be maintained for a longer period of time compared
with those generated by training with MDP, suggesting
B-glucan generates a more durable memory in macrophages
in vitro.

These results were supported by a decreased transcriptional
response to restimulation with LPS in MDP-trained cells
11 days following training (Figure 4E). Six days after training,
MDP-trained cells showed the strongest activation of IL6
expression following LPS restimulation. However, 11 days after
training, the MDP-trained population expressed /L6 at levels
more similar to untrained populations, while B-glucan-trained
cells retained their boosted expression compared with untrained
cells.

These findings suggest that the trained state generated by
B-glucan stimulation is more durable than that generated by
MDP stimulation in vitro. As such, we can identify durability as
another facet of trained innate immune memory that is stimulus
specific, as memory of certain training stimuli appears to last
longer than others.

Stimulus specificity of trained states extends beyond
p-glucan and MDP

B-Glucan and MDP are commonly used to induce trained immu-
nity, but many other stimuli can also be used to train macro-
phages. Having identified specificities in the trained states
induced by p-glucan and MDP, we next wanted to compare

(C and D) Median nuclear fluorescent signal per cell for pPSTAT1 or pp65 in untrained (gray), -glucan-trained (brown), or MDP-trained (green) cells, on day 6 before

(left) or 20 min after (right) stimulation.

(E) Time course of pSTAT1 (left) and pp65 (right) nuclear fluorescent intensity 0, 5, 10, and 20 min following stimulation with LPS (pp65) or IFN-y (pSTAT1) in
untrained (gray), B-glucan-trained (brown) or MDP-trained (green) cells. Error bars reflect the standard error of the mean.

Number of single cells analyzed per condition can be found in Table S4.
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Figure 4. Durability of the trained state is stimulus specific

(A) Schematic of experimental procedure. Cells from one donor were trained with either p-glucan or MDP on the first day of culture. On days 6 and 11, cells were
harvested for ATAC-seq to assess chromatin accessibility.

(B) Heatmap of differential transcription factor motif analysis for trained versus untrained samples on day 6 (top) and day 11 (bottom) of culture. Heatmap colors
denote Z score enrichment for each motif, with untrained cells from that time point set as the baseline for comparisons.

(C) Z score enrichment for accessibility of transcription factor motifs RELA and NFKB1 in chromatin from p-glucan-trained cells (orown) and MDP-trained cells
(green) on days 6 and 11 of culture, compared with untrained cells from that time point.

(D) Comparison of log,FC of chromatin accessibility for regions deemed highly confident memory regions (padj < 0.05 for differential accessibility trained versus
untrained in at least 2 of 3 donors on day 6, as shown in Figure 2C) on day 6 versus day 11. Each colored line represents one differential region.

(E) Left: schematic of experimental procedure. Cells were trained with either p-glucan or MDP on the first day of culture, then stimulated with 100 ng/mL LPS for
2 h on either days 6 or 11. Right: proportion of cells expressing /L6 in untrained (gray), f-glucan-trained (brown), and MDP-trained (green) populations 2 h after
stimulation with LPS on day 6 versus day 11 of culture, normalized to the untrained value for each donor (indicated by dashed line). Note: the same donors are not
shown across both time points.

Number of single cells analyzed per condition can be found in Table S4.
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Figure 5. Stimulus specificity of trained states extends beyond g-glucan and MDP

(A) Schematic of experimental procedure. Cells were trained with either fungal protein p-glucan, bacterial mimetic MDP, or cytokine IFN-y for the first 24 h of
culture. On day 6, trained and untrained cells were assessed.

(B) Expression of TNF and /L6 assessed by RNA FISH in untrained (gray) and IFN-y-trained (blue) cells on day 6 of culture before restimulation.

(C) Proportion of cells expressing /L6 or CXCL10 in untrained (gray), p-glucan-trained (brown), MDP-trained (green), and IFN-y-trained (blue) populations 2 h after
stimulation with LPS, normalized by value from the untrained sample (indicated by dashed horizontal line).

(D) Top left: representative image of fluorescent signal from cells 6 h after challenge with fluorescently labeled HSV-1. Early-stage infection shows diffuse nuclear
fluorescent signal, while later-stage infection shows punctated signal in the cytoplasm. Donor shown is ND649, and the image is representative of ~600 cells per
condition. Top right: proportion of cells infected in untrained (gray), f-glucan-trained (brown), MDP-trained (green), and IFN-y-trained (blue) populations 6 h after
viral challenge. Error bars show the standard error of percentage. Bottom: median nuclear fluorescence (as a proxy for degree of infection) in untrained (gray),

(legend continued on next page)
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these states to those induced by other stimuli, to determine how
specificity manifested across a wider range of training stimuli.

We first focused our efforts on the host-derived proinflamma-
tory cytokine IFN-y, which is known to alter macrophage state at
short timescales (24-48 h, via priming®®°%°%). We wanted to
determine whether memory of IFN-y stimulation was still present
at longer timescales (6-11 days after stimulation) and whether
this longer-term memory resembled training (where inflamma-
tory responses return to baseline) or priming (where immune
response genes retain some active transcription)® (Figure 5A).
Six days after stimulation with IFN-y, monocyte-derived macro-
phages did not express proinflammatory cytokines TNF or IL6
and resolved pp65 and pSTAT1 signaling to approximately the
same level as p-glucan-trained and MDP-trained cells
(Figure 5B; Figure S4A). As such, we considered this longer-
term memory of IFN-y exposure to be a training memory.

Cells trained with IFN-y expressed /L6 and CXCL10 at much
greater levels than untrained cells (and greater than what was
achieved by p-glucan or MDP training) 2 h after restimulation
with LPS (Figure 5C; Figure S4B). Because IFN-y signaling is
known to disrupt viral replication,®*® we tested whether trained
cells were less susceptible to infection with virus, with the hy-
pothesis that IFN-y-trained cells would be the least likely to be
infected. We used a live, replicating herpes simplex virus 1
(HSV-1) with a fluorescent tag on ICP4, a protein involved in viral
replication.®® Results were variable across donors, but we
generally found that training slightly reduced the proportion of
cells infected by HSV-1 (by approximately 6%-11%), with IFN-
y-trained cells being the least infected in 2 of 3 donors
(Figure 5D).

By ATAC-seq, we identified 2,575 highly confident differen-
tially accessible regions in chromatin from IFN-y-trained cells
compared with untrained cells (Figure 5E). The majority of these
highly confident memory regions (85%) were specific to IFN-
y-trained cells and not differentially accessible in cells trained
with B-glucan or MDP. Notably, the vast majority (93%) of shared
differential regions between p-glucan-trained and MDP-trained
cells were also shared with IFN-y-trained cells, suggesting they
reflect a true nonspecific “core” of epigenetic changes linked
to training. Unlike what was observed in highly confident regions
from p-glucan-trained or MDP-trained cells, approximately half
(46%) of highly confident memory regions in IFN-y-trained cells
were differentially closed compared with untrained cells.

Top specific GO hits for regions opened in IFN-y-trained cells
include regulation of interleukin (IL)-8 and IL-10 production
(Figure 5F). Chromatin from IFN-y-trained cells showed
increased accessibility at regions with NF-kB-associated tran-
scription factor motifs (at comparable levels to $-glucan- and
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MDP-trained cells), as well as IRF family motifs (Figure 5G). Dif-
ferential accessibility of these transcription factor motifs was re-
tained 11 days after training (Figure S4C), indicating durable
memory in vitro.

In one additional donor, we performed ATAC-seq on cells
6 days after stimulation with CpG, poly(l:C), oxidized low-density
lipoprotein (oxLDL), or transforming growth factor p (TGF-p). We
also identified stimulus-specific regions of accessible chromatin
and transcription factor motif accessibility (Figures S5A and
S5B). oxLDL and TGF-p-trained cells showed a reduction in
NF-kB-associated motifs, while cells trained with poly(l:C)
showed strong enrichment for SPI, IRF, and STAT motifs but
not NF-xB motifs. Cells trained with CpG showed very limited dif-
ferences in chromatin accessibility compared with un-
trained cells.

Together, these results suggest multiple training agents (not
solely p-glucan and MDP) generate distinct trained states that
may influence the phenotypic outcome of memory and that
IFN-v in particular generates potent, long-term training memory.

DISCUSSION

Here, we provide a highly quantitative measure of the specificity
of training memory in primary human monocyte-derived macro-
phages. Specificity in the trained state exists within epigenetic,
transcriptomic, proteomic, and signaling compartments of a
trained macrophage. In the future, such specificities may be ex-
ploited for therapeutic purposes by selecting a particular training
agent to generate a specific trained state with desired properties
of interest (for instance, selecting an agent that generates a
trained state with strongest response against a pathogen of in-
terest, or one that builds the most durable memory, as some
examples).

Although we make distinctions between training and priming
memories based on transcriptional activation of immune
response genes (namely, that a lack of transcription of TNF,
IL6, or CXCL10 before restimulation on day 6 indicates these
are “trained” cells in a quiescent state), we note that cells that
experienced p-glucan, MDP, or IFN-y in their past are still notably
distinct from untrained cells before restimulation. For instance, if
we defined a “return to baseline” following initial stimulation by
phosphorylated signaling proteins or by surface protein expres-
sion, we might consider these cells “primed” rather than trained.
When defining innate immune memory phenotypes, we believe it
is important to identify the compartments of storage of these
memories within the cell and to delineate where changes have
occurred following the initial stimulation and where such
changes are maintained in the resting state of the cell.

p-glucan-trained (brown), MDP-trained (green), and IFN-y-trained (blue) populations 6 h after viral challenge. Statistics: ***p < 0.001, **p < 0.01, *p < 0.05,
NS p > 0.05.

(E) Left: schematic of experimental procedure. Cells from 3 donors were trained with either fungal protein p-glucan, bacterial mimetic MDP, or host cytokine IFN-y
for the first 24 h of culture. On day 6, cells were harvested for ATAC-seq. Right: Venn diagram of chromatin accessibility in trained cells compared with untrained
cells, for differential regions with high statistical confidence (padj < 0.05 in at least 2 of 3 donors).

(F) Top 10 (ordered by statistical significance) GO terms for highly confident differentially opened regions that were specific to training with IFN-y. Colors reflect
the functional category of each term.

(G) Left: heatmap of differential transcription factor motif accessibility for IFN-y-trained versus untrained samples from each donor, assessed by chromVAR.
Heatmap colors denote Z score enrichment for each motif, with untrained cells from that donor set as the baseline for comparisons. Right: Z score enrichment for
accessibility of transcription factor motifs of interest, in -glucan-trained (brown), MDP-trained (green), and IFN-y-trained (blue) populations.

Number of single cells analyzed per condition can be found in Table S4.
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We demonstrate specificity of trained states in an isolated,
in vitro setup. It’s possible that specific memories may be over-
written by new environmental cues from other cells in an in vivo
setting, potentially changing the magnitude or appearance of
memory specificity. Training in vivo can also manifest as
changes to bone-marrow-derived progenitor cells—something
we are unable to model in this system—which likely influences
memory phenotype and durability. In a tissue context, remem-
bered signals also likely occur in combination, making specific-
ities challenging to disentangle. Indeed, as we found when
combining training stimuli, memories of multiple stimuli appear
to interact in a complex fashion. Spatial cues may also play a
role in memory formation and maintenance, as signal gradients
and neighboring cells likely influence what exactly is remem-
bered by each individual cell.

It is known that macrophages dynamically tune their activation
state according to a complex network of environmental stimuli,
providing context-adjusted responses to stimulation.®*%> We
suggest that specific memories of prior stimulation (not only
memory of activation but also of the type of activation) also
play an important role in macrophage phenotype. Binary cate-
gories of M1 and M2 macrophages are increasingly viewed as
an oversimplification of complex activation states, which can
vary widely based on stimulation type and time.*? Classification
schemas that reference memory of a specific stimulus may
improve the accuracy and reproducibility of reported macro-
phage signatures.

Macrophage memory has been shown to be reversible when
cells are challenged with a new stimulus.*®%%" It remains un-
known whether memories of certain stimuli may be more or
less mutable. In an in vitro setting, we show that memory can
persist in primary monocyte-derived macrophages for at least
11 days. Although enhanced cytokine and chemokine produc-
tion from these memories may be useful in fighting pathogens,
the accumulation of deleterious memories may influence pheno-
types like chronic inflammation. As such, disentangling stimulus
specificities of these memories may unlock vital clues toward
generating or removing innate immune memories for therapeutic
benefit.
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ATACseqQC Ouetal.” https://bioconductor.org/packages/
ATACseqQC/

Picard The Broad Institute https://broadinstitute.github.io/picard/

MACS2 Zhang et al.”® https://pypi.org/project/MACS2/

GenomicAlignments Lawrence et al.”® https://bioconductor.org/packages/
GenomicAlignments/

DESeq2 Love et al.” https://bioconductor.org/packages/
DESeq2/

GREAT McLean et al.*’ http://great.stanford.edu

JASPAR2020 Fornes et al.”” https://bioconductor.org/packages/
JASPAR2020/

chromVAR Schep et al.“® https://bioconductor.org/packages/
chromVAR/

TOBIAS Bentsen et al.”® https://github.com/loosolab/TOBIAS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Deidentified human immune cells were collected from the apheresis product of healthy donors at the Perelman School of Medicine at
the University of Pennsylvania by the Human Immunology Core. Deidentified donor information (age, sex, and date of sample collec-
tion) can be found in Table S1. Monocytes were isolated by negative selection with StemCell RosetteSep kits. Isolated monocytes
were cultured in RPMI supplemented with 25mM HEPES, 1% penicillin/streptomycin, and 10% fetal bovine serum, and initially
seeded at a density of 800,000 cells per milliliter in Cellvis 24 well glass imaging plates (Fisher NC0397150) or Cellvis 96 well glass
imaging plates (Fisher P96-1.5H-N).

METHOD DETAILS

Induction of Trained Immunity

We followed an in vitro procedure of training commonly used in literature.?” We introduced training ligands at the following concen-
trations: p-Glucan at 5 pg/mL, MDP at 1 pg/mL, IFNy at 50 ng/mL, CpG at 100 ng/mL, Poly I:C at 10 pg/mL, TGF-p at 2 ng/mL, and
oxLDL at 10 pg/mL. We chose these doses based on thorough comparison to published literature. To generate trained cells, we stim-
ulated with training ligand during the first 24 hours of culture, while untrained cells received no stimulation. After 24 hours, we
removed the training ligand by washing all wells (including untrained controls) twice with PBS, then allowed the cells to rest for
five additional days, during which time the cells differentiated into monocyte-derived macrophages. On the sixth day of culture,
we evaluated trained cells before secondary stimulation, or after stimulation with a readout stimulus. Unless otherwise stated, stim-
ulation on day 6 with lipopolysaccharide (LPS) was at a dose of 100 ng/mL, and stimulation with zymosan was at a dose of 10 pg/mL.
For durability studies, cells were restimulated with 100 ng/mL LPS on day 11.

Single-Molecule RNA Fluorescence In-Situ Hybridization (RNA FISH)

Oligonucleotides complementary to the transcripts for TNF, CXCL10, and IL6 were designed using custom Matlab software (https://
github.com/arjunrajlaboratory/ProbeDesign) and purchased from IDT. Due to the short length of these transcripts, we included the 3’
UTRin each target sequence, to generate a total of 24 oligonucleotide probes per gene. Full sequences for each of these probes can
be found in Table S2. To generate fluorescent probes, we first added an amine group to the 3’ end of each oligonucleotide using
terminal transferase (TDT), then coupled to either CY3, Alexa 594, or Atto 700 dye.

Single-molecule RNA FISH was performed as described previously.”® Briefly, cells were fixed in 4% paraformaldehyde for 10 mi-
nutes, then permeabilized using 70% ethanol overnight at 4°C. Immediately before probe addition, cells were briefly washed in 5%
sodium dodecyl sulfate (SDS) for 1 minute to reduce autofluorescence.

To perform in situ hybridization, we diluted probes in hybridization buffer (10% formamide and 10% dextran sulfate in 2X saline
sodium citrate (SSC) buffer) before incubating overnight at 37°C covered with a glass coverslip. Cells were then stained with
DAPI for 30 minutes, then imaged in 2X saline sodium citrate (SSC) buffer. Samples were imaged across 5 Z-planes on an inverted
Nikon TI-E microscope at 60X magnification.

RNA FISH images were analyzed in the custom imaging software Nimbuslmage.®® Nimbusimage is an open-source, in-browser
program that allows for direct visualization and analysis of large imaging datasets, and includes in-built analysis tools such as Cell-
pose, Segment-Anything, and Piscis.

Images were uploaded to Nimbusimage, and cell cytoplasm was manually segmented using the “Manual Blob Annotation” tool.
RNA FISH spots were identified in all Z planes using the deep learning algorithm Piscis.®® Piscis is a deep neural network
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classification algorithm that employs a novel loss function (the SmoothF1 loss) to account for class imbalance inherent to RNA FISH
spot detection during training, ensuring accurate spot detection. Following identification, spots were counted and assigned to each
cell using the “Point Count 3D Projection” tool in Nimbuslmage. Proportions of cells expressing each gene were calculated using a
threshold of 1 spot per cell after manual noise correction.

Functional Analysis of Phagocytosis and Viral Infection

To evaluate phagocytosis efficacy, trained and untrained cells were stimulated with 100pug/mL of pH-rodo labeled E Coli BioParticles
(Invitrogen) for 30 minutes or 1 hour. After stimulation, cells were fixed and DAPI stained, and imaged on an inverted Nikon TI-E mi-
croscope at 40X magnification, with fluorescence measured in the Alexa 594 channel. Images were uploaded to Nimbuslmage, cell
cytoplasm was manually segmented, and mean fluorescence per cell was calculated using the “Blob Mean Intensity” tool in
Nimbuslmage.

For viral infection, we used an HSV-1 virus with a YFP fluorescent tag on the ICP4 locus (kind gift of Dr. Nir Drayman, UC Irvine).®®
Cells were first washed with PBS before infection at a MOI of 2. After 1 hour, the virus was removed and cells remained in culture for 5
additional hours, after which time they were fixed and DAPI stained. Cells were imaged on an inverted Nikon TI-E microscope at 40X
magnification, with fluorescence measured in the YFP channel. Images were uploaded to Nimbusimage, nuclei segmented using a
combination of Cellpose and SegmentAnything in Nimbuslmage, and fluorescence per nucleus was calculated using the “Blob Mean
Intensity” tool in Nimbusimage. Infected cells were identified by mean nuclear YFP fluorescence five standard deviations higher than
the mean YFP fluorescence measured in uninfected cells.

Flow Cytometry

Cells were harvested for flow cytometry by first incubating in PBS + 10mM EDTA for 10 minutes on ice, then detaching by vigorous
pipetting. Cells were resuspended in Fc block (1:100) for 10 minutes at room temperature and protected from light. Antibodies were
diluted to a concentration of 1:100 in FACS buffer and incubated with samples for 30 minutes at 4°C, protected from light. Cell viability
was assessed using Zombie Green Live/Dead stain (1:1000) for CD80/CD206 analysis, and using 7AAD Live/Dead stain (1:100) for
Dectin1/TLR4 analysis. Samples were collected on a BD LSR Il flow cytometer, and analyzed using FlowJo version 10.8.1.

Immunofluorescence
Trained and untrained cells were assessed before, or 5, 10, or 20 minutes after restimulation. When assessing pp65, cells were re-
stimulated with 100 ng/mL LPS. When assessing pSTAT1, cells were restimulated with 50 ng/mL IFNy.

Cells were fixed in 4% formaldehyde, permeabilized with 0.2% Triton-X, and blocked with 5% bovine serum albumin (BSA). Cells
were incubated with primary antibody (phospho-p65 at 1:1600 in PBS + 1.5% BSA, phospho-STAT1 at 1:800 in PBS + 1.5% BSA)
overnight at 4°C. Cells were then incubated with secondary antibody (1:1500) and DAPI for one hour at room temperature, then
imaged on an inverted Nikon TI-E microscope at 40X magnification, with fluorescence measured in the Alexa 594 channel. Images
were uploaded to Nimbuslimage, nuclei segmented using a combination of Cellpose and SegmentAnything in Nimbusimage, and
fluorescence per nucleus was calculated using the “Blob Mean Intensity” tool in NimbusIimage.

ATAC Sequencing

We performed a modified form of the OMNI-ATAC sequencing protocol described in Corces et al.,”” on untrained, $G-trained, MDP-
trained, and IFNy-trained cells from three donors. In a separate sequencing run, we sequenced untrained, fG-trained, MDP-trained,
IFNy-trained, CpG-trained, oxLDL-trained, and PolylC-trained cells from one donor. For Donor ND410b, we collected untrained, pG-
trained, MDP-trained, and IFNy-trained cells on both day 6 and day 11 of culture.

We collected 100,000 cells per technical duplicate, and lysed cells in buffer containing 10% NP-40, 10% Tween-20, and 1% Digi-
tonin for 3 minutes at 4°C. Lysed cells were transposed with Tn5 (kind gift of Dr. Kavitha Sarma, Wistar Institute) for 30 minutes at
37°C. Transposed genomic DNA was isolated using a Zymo DNA Clean and Concentrator kit, then amplified using custom primers
described in Table S3 (originally designed by Greenleaf Lab, Stanford University) for 13 PCR cycles. Libraries were purified using
double-sided selection with AMPure XP magnetic beads, and final concentration measured by BioAnalyzer High Sensitivity DNA
chips. Libraries were sequenced at depth of approximately 50 million paired-end reads per sample on a NextSeq2000 with a P4
XLEAP 100-cycle kit.

To ensure the highest possible sample quality, we transposed live cells from each donor as they became available. A control sam-
ple of MDA-MB-231 cancer cells processed alongside two of these batches showed nearly identical accessibility profiles
(Figure S5C), demonstrating that batch-to-batch variability was minimal, and did not drive observed variability across individual
donors.

Sequencing reads were first aligned to hg38 using bowtie2. Bam files were cleaned and Tn5 shift was performed using the bamQC
and shiftGAlignmentsList functions from the Bioconductor package ATACseqQC.”" PCR duplicates were removed using Picard’s
MarkDuplicates function.

To call peaks, we used the callpeak function from MACS2,”? with an FDR cutoff of 0.05, inputting replicate-merged samples filtered
to a fragment size less than 300 base pairs to improve accuracy. Once peak regions were identified, we generated one nonredundant
peak list shared across all samples and donors, filtered to only include peaks present in at least two samples, and not listed in the
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ENCODE blacklist regions. We then used GenomicAlignment’s’® summarizeOveriaps function to generate a full counts matrix for all
samples (keeping technical replicates separate, and not filtered by fragment size).

To identify differential regions of chromatin, we set a minimum threshold of 20 reads per peak, before normalizing by read depth
and averaging the read counts of technical replicates for each peak. We then used DESeq2’* to identify differentially accessible re-
gions between each trained condition and our untrained samples, for each donor. We selected regions deemed statistically signif-
icantly differentially accessible (padj < 0.05) from untrained cells in at least two of our three donors. For these “highly confident re-
gions,” we performed gene enrichment analysis compared against the full peak list using GREAT,"" which connects regions of
interest to their closest nearby gene, then identifies enriched gene ontologies compared against the entire nonredundant peak
list. We set a cutoff of FDR < 0.05 for significantly enriched GO terms.

We used the Bioconductor packages JASPAR2020° and chromVAR? to identify differential transcription factor motif enrichment
across samples. The computeDeviations function was run on the counts matrix for each donor separately, with getBackgroundPeaks
and computeExpectations set to the untrained samples from that donor to compare trained counts against an appropriate back-
ground. The function deviationScores was used to calculate z score enrichment for each identified motif.

To identify differentially bound factors within our identified peaks, we used TOBIAS®® functions ATACorrect to identify regions of
Tn5 protection (suggestive of actively bound factors) and ScoreBigwig to calculate footprinting scores. Differentially enriched motifs
at these footprints were identified using BINDetect, with highlighted differential factors above the 95% quantile of -log10(p-value)
and/or above the 95% quantile and below the 5% quantile of differential binding scores. We then filtered this list to those factors
highlighted at least two of our three donors.

QUANTIFICATION AND STATISTICAL ANALYSIS

To calculate statistical significance across proportions of IL6 and CXCL10 responders in trained and untrained cells, we used the
following equation: z = — (Pvanes Duwmned)  where Prainea 1S the proportion of responders in the trained population,

1 1
Protal (1= Protar) | ————+—————
Ntrained Nuntrained

Puntrained 1S the proportion of responders in the untrained population, py is the overall sample proportion, and nNyaineg and
Nuntrained @re the sample sizes. We then used the pnorm() function in R to convert the z-score to a p-value, using a two-tailed test
for statistical significance.

To calculate statistical significance for difference in proportion of cells infected with HSV-1, we used the following equation: z =

(Puained — Puntrainea) , Where pyaineq is the proportion of infected cells in the trained population, pyntraineq is the proportion of

1 1
Protal (1 = Protat) | —————+————
Ntrained Nuntrained

infected in the untrained population, p:: is the overall sample proportion of infected cells, and Nyaineg @and Nuntrainea are the sample
sizes. We then used the pnorm() function in R to convert the z-score to a p-value, using a two-tailed test for statistical significance.

To calculate statistical significance for differences in mean nuclear intensity of immunofluorescence signal, we used the t.test()
function in R to calculate the p-value for a two-tailed test for statistical significance, then calculated the log2 fold change of mean
nuclear intensity across conditions.
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