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 20 

Abstract 21 

Macrophages exhibit a range of Ɵme-dependent responses to external sƟmuli, but at the 22 

single cell-level how receptor input is converted into heterogeneous inŇammatory outputs, 23 

and how terminaƟon occurs remains unclear. Toll-like receptor (TLR) signaling is iniƟated 24 

through supramolecular protein assemblies. In this work, using macrophages with 25 

endogenously tagged myeloid diīerenƟaƟon primary response 88 (MyD88), and in primary 26 

mouse macrophages, we idenƟfy pre-exisƟng heterogeneity in MyD88 abundance as a hidden 27 

single-cell variable that shapes the threshold for producƟve MyD88 assembly and 28 

downstream signaling. Strong agonism converts this basal heterogeneity into rapid growth of 29 

large MyD88 assemblies, robust NFκB acƟvaƟon, cytokine producƟon, and inducƟon of 30 

negaƟve regulators. In contrast, weak agonism produces delayed and less eĸcient assembly, 31 

low-amplitude cytokine output, and weaker feedback engagement, resulƟng in persistent low-32 

output signaling. Parallel transcriptomic analysis of Alzheimer's disease (AD) brain Ɵssue, and 33 

blood samples across addiƟonal acute and chronic inŇammatory disease cohorts, reveals a 34 

consistent, disproporƟonate acƟvaƟon-relaƟve-to-feedback signature, suggesƟng incomplete 35 

acƟvaƟon-feedback coupling as a correlaƟve but recurring feature of chronic inŇammatory 36 

disease. 37 

Main 38 



InŇammaƟon is an adapƟve response through which innate immune cells detect infecƟon, 39 

Ɵssue damage, or cellular stress and iniƟate protecƟve programs that restore homeostasis. 40 

However, the physiological value of inŇammaƟon depends not only on how rapidly it is 41 

induced, but also on how precisely it is limited once the iniƟaƟng threat has been controlled. 42 

In self-limiƟng inŇammatory responses, pro-inŇammatory signalling is progressively 43 

counterbalanced by resoluƟon programs that are iniƟated early and act to restrain further 44 

signal ampliĮcaƟon, promote clearance of inŇammatory mediators, and restore Ɵssue 45 

homeostasis1,2. When these regulatory checkpoints fail or remain incomplete, inŇammatory 46 

acƟvity can persist, giving rise to low-grade, chronic inŇammatory states3. Thus, a shiŌ from a 47 

self-limiƟng acute response to persistent inŇammaƟon may arise from ineĸcient coupling 48 

between pathway acƟvaƟon and its negaƟve regulaƟon. Whether such persistent signaling 49 

reŇects pre-exisƟng cell-to-cell diīerences in the mechanisms that govern acƟvaƟon, 50 

propagaƟon, and terminaƟon remains poorly understood. 51 

TLR signalling has emerged as a paradigm for understanding how innate immune recogniƟon 52 

is converted into inŇammatory output. TLR acƟvaƟon is commonly understood to proceed 53 

through ligand-induced recruitment of adaptor proteins such as MyD88 and TIR-domain-54 

containing adaptor-inducing interferon-β (TRIF), which acƟvate NFκB, mitogen-acƟvated 55 

protein kinase (MAPK), and interferon-regulatory pathways4–6. More recent work has revised 56 

this linear view by showing that innate immune signalling is organized through supramolecular 57 

organizing centres (SMOCs) in which adaptor proteins assemble into higher-order complexes 58 

that amplify signalling7,8 and impose acƟvaƟon thresholds9. MyDDosome is one such SMOC. 59 

Structural studies revealed a hierarchical death-domain assembly containing a hexameric 60 

MyD88 core. Further live-cell imaging showed that acƟvated TLR4 transiently nucleates 61 

MyDDosome formaƟon and that signalling strength depends on the number, size, and kineƟcs 62 

of these assemblies10. Thus, MyD88 signalling is governed by nucleaƟon, cooperaƟvity, and 63 

threshold-dependent assembly rather than simple adaptor recruitment. In parallel, single-cell 64 

studies have shown that inŇammatory outputs are highly heterogeneous, with NFκB 65 

dynamics, and cytokine expression varying substanƟally between cells11,12. Although MyD88 66 

assembly has been characterized extensively, and more recently under endogenous 67 

expression condiƟons7, the connecƟon between early adaptor assembly and downstream 68 

single-cell inŇammatory heterogeneity remains unresolved.  69 

In this work, we quanƟfy endogenous MyD88 abundance across individual macrophages and 70 

show that it varies widely. Together with agonist strength, this pre-exisƟng heterogeneity 71 

shapes the threshold for the number and kineƟcs of MyD88 assemblies formed in each cell. 72 

Strong sƟmulaƟon and/or high MyD88 abundance promotes faster formaƟon of larger 73 

assemblies, stronger NFκB acƟvaƟon, higher cytokine output, and more eīecƟve inducƟon of 74 

negaƟve regulaƟon. By contrast, weak sƟmulaƟon arising from either weak ligand, or low 75 

MyD88 abundance produces fewer assemblies with slower kineƟcs, weaker downstream 76 

signaling, and reduced feedback engagement. Using a coarse-grained analysis of MyD88 77 

assembly, we show that strong agonism selecƟvely biases high-MyD88 cells toward growth of 78 



signaling-competent assemblies, a feature lost under weaker sƟmulaƟon, consistent with cell-79 

intrinsic signaling thresholds. Further at the single-cell level, ineĸcient coupling between 80 

acƟvaƟon and feedback favours persistent rather than resolved inŇammatory signaling. 81 

Extending this framework to human disease, we Įnd that inŇammatory acƟvaƟon in AD brain 82 

Ɵssue is similarly uncoupled from proporƟonal negaƟve-feedback engagement. This 83 

correlaƟve imbalance recurs in blood transcriptomes across addiƟonal chronic, but not acute, 84 

inŇammatory condiƟons, poinƟng to incomplete acƟvaƟon-feedback as a broader feature of 85 

chronic inŇammatory disease. 86 

Ligand idenƟty and dose tune heterogeneous MyD88 assembly in macrophages 87 

We used immortalized bone marrow-derived macrophages (iBMDMs) expressing 88 

endogenously tagged C-terminal MyD88–mNeonGreen (mNG) to monitor MyD88 assembly in 89 

living cells (Figure 1A). Endogenous tagging enabled detecƟon of individual MyD88 assemblies 90 

without overexpression-related arƟfacts8. MyD88-mNG iBMDMs showed cytokine release 91 

comparable to WT BMDMs aŌer LPS sƟmulaƟon (SI 1A), supporƟng extrapolaƟon of 92 

quanƟtaƟve measurements to WT condiƟons. We used total internal reŇecƟon Ňuorescence 93 

(TIRF) microscopy for biophysical characterizaƟon of membrane-proximal, early MyD88 94 

assemblies (Figure 1B). The mNG tag enabled live-cell monitoring, with assembly intensity 95 

serving as a proxy for complex size. To determine how agonist idenƟty, dose, and Ɵme aīect 96 

MyD88 assembly, we sƟmulated cells with three ligands across a range of concentraƟons 97 

(Figure 1C). LPS and MPLA were used to sƟmulate TLR4, with LPS acƟng as a stronger agonist 98 

than MPLA13, whereas Pam3CSK4 was used as a potent TLR1/2 agonist14. The highest doses 99 

of LPS and MPLA were selected to achieve comparable cytokine output (SI 1B). LPS (100 100 

ng/ml) induced a rapid ascending phase of MyD88 assembly, reaching a maximum of 28 ± 4 101 

assemblies/cell within 20 min followed by gradual decline. In contrast, MPLA (1000 ng/ml) 102 

showed a slower, progressive rise, reaching a lower maximum of 16 ± 2 assemblies at 1 h, 103 

without a clear descending phase during the measurement period of 1 h. Pam3CSK4 (600 104 

ng/ml) also showed delayed kineƟcs relaƟve to LPS, with a maximum of 19 ± 2 assemblies at 105 

1 h, lacking the sharp early peak-and-decay proĮle. Together, these diīerences in ascent, peak 106 

Ɵme, and decay indicate that the ligands drive disƟnct MyD88 assembly kineƟcs. Despite 107 

being a strong TLR1/2 agonist, Pam3CSK4 showed kineƟcs closer to MPLA than LPS, which 108 

may reŇect diīerences in receptor organizaƟon or dimer stability between TLR4 and TLR1/2. 109 

QuanƟĮcaƟon of ~5,000 MyD88 puncta/ligand revealed a broad range of assemblies, from 110 

monomers to hexamers and higher-order oligomers. Assembly size was approximated by 111 

comparison with monomeric MyD88-mNG intensity obtained by lysing the cells (see Methods; 112 

monomer intensity and idenƟĮcaƟon in SI 1C,D). Figure 1D shows the distribuƟon of log-113 

transformed MyD88 assembly intensiƟes over Ɵme aŌer sƟmulaƟon. Time-dependent 114 

broadening indicated emergence of higher-order complexes. All distribuƟons were ĮƩed with 115 

a sum of two Gaussians. Upon sƟmulaƟon, two peaks were observed at monomer intensity 116 

and ~1.5-fold above monomer. Although disƟnct peaks for hexamer or higher-order 117 



assemblies were not resolved, these larger assemblies were present throughout the Ɵme 118 

course. Detailed analysis of Įts, peak posiƟons, and populaƟon distribuƟons is provided in SI 119 

1E. We next measured the lifeƟme of individual MyD88 assemblies, deĮned as the duraƟon 120 

for which each assembly remained visible in the TIRF Įeld. Assemblies at or above the 121 

hexameric threshold, corresponding to the MyD88 core of the canonical MyDDosome 122 

complex9,15,16 were operaƟonally classiĮed as large MyD88 assemblies, and exhibited longer 123 

lifeƟmes than smaller assemblies across all three ligands (lifeƟme Įts and values in SI 1F). This 124 

is consistent with earlier reports of longer-lived large MyD88 assemblies9. The longest-lived 125 

large assemblies in our dataset were observed under Pam3CSK4 sƟmulaƟon, which may 126 

reŇect diīerences in coupling or stability between TLR1/2 and TLR4-associated assemblies. 127 

Despite their longer lifeƟmes, large MyD88 assemblies remained rare overall and were 128 

observed more frequently under LPS and Pam3CSK4 sƟmulaƟon (up to 3 assemblies/cell) than 129 

MPLA (1 assembly/cell, SI 1G). 130 

Single-cell analysis revealed marked heterogeneity in MyD88 assembly. Within the same Įeld 131 

of view, cells with extensive assembly coexisted with cells showing very few assemblies (Figure 132 

1E). Although such variability may reŇect intrinsic macrophage heterogeneity, it has not 133 

previously been examined at the level of upstream events such as MyD88 assembly. Because 134 

assembly size and stability are linked to downstream signaling, we used the presence of a 135 

hexameric MyD88 assembly to straƟfy cells into two broad groups. The groups are not 136 

interpreted as discrete signaling states, but as an empirical framework for organizing assembly 137 

heterogeneity into analyzable pools. Cells containing at least one hexameric MyD88 assembly 138 

were assigned to Group A, and those lacking such assemblies to Group B. Group A cells also 139 

contained more total MyD88 assemblies overall, supporƟng this straƟĮcaƟon (SI 1H). 140 

QuanƟĮcaƟon at 1 h aŌer sƟmulaƟon showed a dose-dependent increase in Group A 141 

populaƟon (Figure 1F). Under LPS sƟmulaƟon, this increase was gradual, rising from 48.5% to 142 

60.8% and 66.6% at 30, 60, and 100 ng/ml, respecƟvely. In contrast, MPLA showed a delayed 143 

steeper response. Group A populaƟon remained low at 300 and 600 ng/ml (16.6% and 22.7%) 144 

and increased only at 1000 ng/ml (61.5%). A similar paƩern was seen for TNFα producƟon, 145 

with MPLA showing a steeper dose response than LPS (SI 1B). Together, these data suggest 146 

that downstream signaling requires crossing a threshold of producƟve TLR4 acƟvaƟon 147 

compaƟble with MyD88 assembly. Because MPLA lacks a backbone phosphate group, it may 148 

stabilize the TLR4 dimer less eīecƟvely than LPS17,18, consistent with reports on other 149 

syntheƟc analogs19, potenƟally explaining our observaƟon. 150 

AŌer nucleaƟon at TLRs, MyD88 assemblies may dissociate from the iniƟaƟng receptor and 151 

persist as cytosolic signaling scaīolds7. We therefore asked whether assemblies across the 152 

cellular volume followed the same group straƟĮcaƟon observed near the membrane. From 153 

this point onward, only the highest dose of each ligand was used to beƩer contrast ligand-154 

speciĮc diīerences. Using spinning-disk confocal microscopy, we quanƟĮed total MyD88 155 

assemblies throughout the cell volume (Figure 1G), with representaƟve images of LPS, MPLA, 156 

and Pam3CSK4-sƟmulated cells shown in Figure 1H. Unlike membrane-proximal 157 



measurements, volume analysis resolved disƟnct higher-order assembly peaks, likely because 158 

these could be detected separately from the membrane-associated pool, where growing 159 

monomers and small oligomers may mask them. Time-dependent intensity distribuƟons are 160 

shown in Figure 1I. QuanƟĮcaƟon of individual MyD88 puncta intensiƟes revealed 161 

predominantly hexamer-like assemblies (5.41 ± 0.38 Ɵmes monomer intensity) with a few 162 

bigger complexes referred to as higher-order assemblies from here on. Fiƫng of the intensity 163 

distribuƟons and resulƟng populaƟons are provided in SI 1I. 164 

Using the same empirical framework, we straƟĮed cells into Groups A and B based on MyD88 165 

assemblies across the cellular volume. Figure 1J shows the total number of assemblies/cell 166 

over Ɵme. Across all ligands and Ɵme points, Group A cells consistently contained signiĮcantly 167 

more assemblies than in Group B. LPS-sƟmulated Group A cells reached the highest assembly 168 

number earliest, peaking at 15 min (17.7 ± 1.2 assemblies/cell), whereas MPLA and Pam3CSK4 169 

reached lower maxima (8.5 ± 1.3 and 13.1 ± 0.5 assemblies/cell) at a later Ɵmepoint of 1 h. 170 

Consistent with weaker MyD88-dependent signaling by MPLA, these results show that agonist 171 

idenƟty is reŇected in MyD88 assembly kineƟcs, extending earlier observaƟons from non-172 

endogenously tagged MyD88 systems)10. All three ligands showed a Ɵme-dependent decline 173 

in assembly number, consistent with TLR endocytosis and reduced MyD88-dependent 174 

signaling at longer Ɵmes10,20. Although the populaƟon of Group A cells remained comparable 175 

across all three ligands at their highest doses across most Ɵme points (61.5 ± 11.5%; S1J), LPS 176 

produced the highest number of large MyD88 assemblies across most Ɵme points (SI 1K). 177 

MyD88 abundance varies widely across cells and correlates with MyD88 assembly 178 

formaƟon 179 

Full-length MyD88 aggregates in a concentraƟon-dependent manner in-vitro and displays a 180 

broad metastable zone for seed-catalyzed polymerizaƟon21. Such a metastable zone is thought 181 

to enable rapid seed-induced MyD88 signaling while prevenƟng premature immune 182 

acƟvaƟon22. Whether a similar metastable zone exists in cells, and whether it inŇuences 183 

MyD88 assembly, remains unknown. We therefore quanƟĮed absolute MyD88 concentraƟon 184 

in single cells by Ňuorescence correlaƟon spectroscopy (FCS)23,24. A schemaƟc is shown in 185 

Figure 2A, confocal FCS calibraƟon in SI 2A, and representaƟve cells and FCS traces in Figure 186 

2B. Traces were ĮƩed using a 3D diīusion model to calculate MyD88 concentraƟon in each 187 

cell (see Methods). This revealed a broad MyD88 distribuƟon, ranging from 7 to 92 nM (Figure 188 

2C). To test whether this heterogeneity is general across macrophages, we measured MyD88 189 

expression by immunoŇuorescence in MyD88-mNG iBMDMs, WT iBMDMs, and primary 190 

mouse BMDMs (Figure 2D). AnƟbody speciĮcity was validated in MyD88 knockout (MKO) 191 

iBMDMs, which showed negligible Ňuorescence (SI 2B). QuanƟĮcaƟon of the coeĸcient of 192 

variaƟon (%CV = [standard deviaƟon/mean] × 100) showed comparable heterogeneity across 193 

all three systems (32.1%, 31.2%, and 32.0% for MyD88-mNG, WT, and primary BMDMs 194 

respecƟvely; Figure 2E; full distribuƟons in SI 2C). The CV esƟmated by immunoŇuorescence 195 

was lower than that measured by FCS (57.4%), likely reŇecƟng methodological diīerences 196 



between Įxed-cell whole-cell intensity measurements and local live-cell concentraƟon 197 

measurements. 198 

To examine how MyD88 heterogeneity evolves during cell division without confounding 199 

eīects of migraƟon, we seeded MyD88-mNG cells at low density on micropaƩerned imaging 200 

chambers containing wells separated by bioinert, non-adhesive regions (Figure 2F). This 201 

conĮned cells within deĮned wells (SI 2D), and a weak Ňuorescence of the bioinert surface 202 

enabled longitudinal tracking of the same local populaƟon during colony formaƟon (details in 203 

Methods). MyD88-mNG intensity was monitored as cells divided within each well (Figure 2G). 204 

Heterogeneity in MyD88 abundance re-emerged in daughter cells and colonies irrespecƟve of 205 

mother-cell intensity. Accordingly, longitudinal %CV measurements across wells showed a 206 

progressive increase in heterogeneity, reaching values comparable to FCS-based 207 

measurements at conŇuency (Figure 2H). Because cells within a colony are not synchronized 208 

in cell-cycle phase, this apparent heterogeneity could in principle arise from diīerences in cell-209 

cycle state. To test this, we used Vybrant DyeCycle, a quanƟtaƟve DNA-content marker 210 

(representaƟve images in SI 2E). In Figure 2I, the two DNA-content peaks (992.3 ± 42.4 and 211 

1874.4 ± 41.3, the laƩer approximately two-fold higher) correspond to G0/G1 and G2/M 212 

phases. Total MyD88 intensity from cells in each peak showed no signiĮcant diīerence in 213 

distribuƟon (Figure 2J; see Methods for peak assignment). Thus, MyD88 heterogeneity is 214 

maintained through cell division as a cell-intrinsic feature rather than being primarily 215 

explained by cell-cycle phase. 216 

Consistent with the concentraƟon-dependent aggregaƟon behaviour of MyD88 observed in-217 

vitro, we next asked whether cell-to-cell variaƟon in MyD88 abundance drives diīerenƟal 218 

MyD88 assembly in individual cells. We quanƟĮed the relaƟonship between the total 219 

normalized MyD88 intensity and number of MyD88 assemblies of the same cells aŌer ligand 220 

sƟmulaƟon. Figure 2K shows correlaƟons at Ɵme points with highest MyD88 assembly/cell, 221 

with addiƟonal Ɵme-point correlaƟons in SI 2F. Both Spearman and Pearson analyses revealed 222 

strong correlaƟons under all three condiƟons, indicaƟng a strong dependence of MyD88 223 

assembly on cellular MyD88 abundance (Figure 2K). 224 

Strong agonism converts MyD88 heterogeneity into producƟve assembly 225 

MyD88 assembly is a mulƟstep process involving TLR dimerizaƟon, ligand binding, dimer 226 

stabilisaƟon and progressive formaƟon of higher-order MyD88 complexes, including the 227 

hexameric core of the funcƟonal MyD88 assembly8,10,17,25 (Figure 3A). Resolving individual 228 

rate constants for each step would require Ɵme-resolved measurements of all intermediates, 229 

which remain beyond current experimental reach. However, analyzing the MyD88 230 

concentraƟon dependence of diīerent assembly classes under diīerent ligand condiƟons can 231 

narrow the set of plausible mechanisms and provide comparaƟve insight into assembly. 232 

For each cell, we measured both total MyD88 abundance and the intensity of all MyD88 233 

puncta, yielding an assembly-size distribuƟon as a funcƟon of cellular MyD88 concentraƟon. 234 



For visualizaƟon, cells were parƟƟoned into three MyD88 concentraƟon ranges (Figure 3B,H), 235 

with corresponding assembly-size distribuƟons shown in Figure 3C–E and 3I–K. As MyD88 236 

concentraƟon increased, distribuƟons shiŌed toward larger assemblies, with disƟnct small- 237 

and large-assembly peaks most apparent in the highest-MyD88 bins (Figure 3E,K). These 238 

distribuƟons were used to deĮne empirical cutoīs separaƟng small and large MyD88 239 

assemblies. For each class, we then esƟmated the scaling exponent with respect to MyD88 240 

concentraƟon from the slope of double-logarithmic plots of total assemblies/cell versus 241 

MyD88 concentraƟon as: 242 𝑀ௌ = ݉ఊೄ      &    𝑀௅ = ݉ఊಽ  243 

where m is the monomeric MyD88 concentraƟon, MS and ML are the concentraƟons of small 244 

and large MyD88 assemblies respecƟvely, and γS and γL are their scaling exponents. At 15 min 245 

aŌer LPS sƟmulaƟon, small assemblies showed sublinear dependence on MyD88 (γS ≈ 0.16), 246 

whereas large assemblies showed superlinear dependence (γL ≈ 2.68). By contrast, under 247 

MPLA sƟmulaƟon, both classes remained sublinear (γS ≈ 0.40, γL ≈ 0.50), a paƩern that 248 

persisted at all later Ɵme points (SI 3A–C). 249 

As expected, large assemblies had higher scaling exponents than small assemblies under both 250 

LPS and MPLA sƟmulaƟon. However, the exponents were strikingly low, with a highest value 251 

of ~2.68. In a simple equilibrium model where hexamer formaƟon is limited solely by free 252 

MyD88 monomers, an exponent of 6 would be expected. Even accounƟng for the limited 253 

resoluƟon of our measurements, which likely group hexamers with similar-sized species, the 254 

observed values remain far below this predicƟon. This indicates that MyD88 abundance alone 255 

does not limit assembly formaƟon, and that large assemblies are constrained by addiƟonal 256 

factors. FCS measurements esƟmated that MyD88-mNG cells contain ~12,600–831,000 257 

MyD88 molecules (see Methods), but the number of surface TLR4 receptors are ~100–1,00026, 258 

of which only a minority are dimeric (~22%)10. AddiƟonally, diīerences in TLR4 dimer 259 

stabilizaƟon, together with interleukin-1 receptor-associated kinase (IRAK) recruitment, 260 

preferably to larger and more stable MyD88 assemblies9, could further explain ligand-speciĮc 261 

diīerences. A scaling exponent above 1 enhances diīerences in assembly number between 262 

cells with low and high MyD88 concentraƟons. For example, γL ≈ 2.68 for large assemblies 263 

aŌer LPS sƟmulaƟon means that cells diīering two orders of magnitude in MyD88 264 

concentraƟon would diīer by more than Įve orders of magnitude in large-assembly 265 

abundance. By contrast, under MPLA sƟmulaƟon, the same MyD88 diīerence would produce 266 

only about one order of magnitude in large-assembly abundance. Thus, strong agonism 267 

ampliĮes pre-exisƟng MyD88 heterogeneity into larger diīerences in producƟve assembly, 268 

whereas weak agonism compresses those diīerences. 269 

MyD88 assembly state predicts ligand-induced NFκB acƟvaƟon  270 

Downstream of MyD88 assembly, the input signal propagates through mulƟple steps involving 271 

IRAKs, TRAF6, the TAK1–TAB module, and IKK complex27. AcƟvaƟon of the canonical IKK 272 



complex enables IKKβ-mediated phosphorylaƟon and degradaƟon of IκBα, allowing NFκB to 273 

translocate to the nucleus (Figure 4A). However, nuclear translocaƟon alone is oŌen 274 

insuĸcient for gene inducƟon. Eĸcient transcripƟon also depends on inducible post-275 

translaƟonal modiĮcaƟon of NFκB subunits, parƟcularly phosphorylaƟon28. MulƟple 276 

phospho-acceptor sites have been mapped in p65, the strongest transcripƟonal acƟvator in 277 

the NFκB family, and these modiĮcaƟons regulate NFκB acƟvity in a sƟmulus, and site-speciĮc 278 

manner28–30. Nuclear accumulaƟon of Ser536-phosphorylated p65 (Ser536-p65) therefore 279 

serves as a useful readout of downstream MyD88–IKK–NFκB signaling. 280 

MyD88 is essenƟal for NFκB dynamics, including nuclear translocaƟon and oscillaƟons31, and 281 

MyD88-deĮcient macrophages show markedly reduced NFκB acƟvity aŌer TLR sƟmulaƟon32. 282 

We therefore examined how MyD88 assembly relates to Ser536-p65 acƟvity over Ɵme. Cells 283 

were sƟmulated with LPS or MPLA, Įxed at the indicated Ɵme points, and Ser536-p65 was 284 

quanƟĮed by immunoŇuorescence. RepresentaƟve images aŌer LPS sƟmulaƟon are shown in 285 

Figure 4B, and quanƟĮcaƟon for both ligands in Figure 4C. LPS induced a rise in total Ser536-286 

p65 at 15 min (1.5-fold over baseline), concomitant with the rise in MyD88 assembly observed 287 

earlier, before returning to baseline by 2 h and remaining unchanged through 4 h. MPLA 288 

induced a lower rise at 15 min (SI 4A), aŌer which the signal Ňuctuated but remained elevated 289 

above baseline up to 4 h, unlike the more transient LPS response. Thus, MPLA produced a 290 

more sustained Ser536-p65 response over the measured Ɵme window. 291 

To visualize Ser536-p65 nuclear translocaƟon, we generated 3D cellular models using Imaris 292 

(see Methods). A representaƟve LPS-treated cell at 15 min is shown in Figure 4D. DAPI-derived 293 

nuclear masks were color-coded by total nuclear Ser536-p65 intensity, and individual MyD88 294 

assemblies by mNG intensity. Cells with more MyD88 assemblies showed higher nuclear 295 

Ser536-p65, indicaƟng that nuclear translocaƟon scales with MyD88 assembly kineƟcs. A 296 

similar relaƟonship was observed across all LPS Ɵme points (SI 4B). We then quanƟĮed 297 

Ser536-p65 nuclear translocaƟon in Group A and Group B cells using the established 298 

straƟĮcaƟon framework (Figure 4E). Fixed-cell measurements aŌer LPS and MPLA sƟmulaƟon 299 

showed detectable hexameric assemblies aŌer ĮxaƟon, allowing extension of live-cell 300 

straƟĮcaƟon into Įxed cells (SI 4C). Under LPS sƟmulaƟon, Group A showed signiĮcantly 301 

greater nuclear Ser536-p65 enrichment than Group B, whereas Group B showed liƩle 302 

detectable nuclear signal. The larger variance in Group A likely reŇects asynchronous 303 

phosphorylated NFκB dynamics and/or mulƟple signaling states within this class31,33. By 304 

contrast, MPLA induced only weak nuclear Ser536-p65 enrichment, with no diīerence 305 

between groups. 306 

To assess transcripƟonal output of Ser536-p65 translocaƟon, we performed single-molecule 307 

Ňuorescence in situ hybridizaƟon (smFISH) for NFKBIA mRNA across the same LPS and MPLA 308 

Ɵme course (Figure 4F). Because the smFISH workŇow disrupted mNG Ňuorescence, cells 309 

could not be straƟĮed into groups, and the MyD88 channel was used only to deĮne cell 310 

outlines (Figure 4G). NFKBIA is a canonical NFκB target encoding IκBα, which restores 311 



cytoplasmic sequestraƟon of NFκB and closes a core negaƟve-feedback loop34. NFKBIA 312 

transcripts increased rapidly with LPS, from 3.9 ± 1.5 to 10.3 ± 0.6/cell at 1 h, and remained 313 

elevated through 4 h (Figure 4H). MPLA induced a similar increase, from 4.7 ± 0.8 to 8.9 ± 1.0 314 

transcripts, despite much weaker nuclear Ser536-p65 translocaƟon. Accordingly, AUC analysis 315 

showed no signiĮcant diīerence between LPS and MPLA (SI 4D). This likely reŇects 316 

transcripƟonal selecƟvity downstream of Ser536-p65. Some NFκB target genes, including 317 

NFKBIA, respond broadly once the pathway is engaged, whereas others require stronger 318 

upstream p65 phosphorylaƟon-dependent acƟvaƟon steps28. 319 

MyD88 assembly state straƟĮes single-cell TNFα output 320 

TNF transcripƟon is strongly dependent on NFκB acƟvity, including sƟmulus-induced 321 

phosphorylaƟon of p65, and thus provides a suitable readout to relate dynamic upstream 322 

signaling to inŇammatory gene output35. However, in TLR4 signaling, NFκB phosphorylaƟon is 323 

not driven solely by the early MyD88–IKK axis (observed as early as 15 min aŌer sƟmulaƟon) 324 

but also by a later TRIF-dependent phase that can contribute to TNF transcripƟon8,36. We 325 

therefore measured TNFα producƟon at 4 h, a Ɵme point expected to remain predominantly 326 

MyD88-dependent while allowing reliable cytokine detecƟon. At 4 h, TNFα protein output is 327 

expected to reŇect both de novo TNF transcripƟon and post-transcripƟonal regulaƟon of TNF 328 

mRNA stability and translaƟon through MAPK–p38/MK2-dependent pathways7,9,31,35. 329 

Nevertheless, MyD88 knockout (MKO) almost completely abolished TNFα producƟon at 4 h in 330 

MKO iBMDMs, indicaƟng strong MyD88 dependence at this Ɵme point (SI 5A). 331 

To correlate MyD88 assembly with TNFα producƟon at the single-cell level, we added TAPI-0 332 

to block TNFα release and TAK-242 to terminate upstream MyD88 assembly at deĮned Ɵme 333 

points. This allowed MyD88 assemblies formed within speciĮc signaling windows to be related 334 

to subsequent TNFα producƟon. The workŇow is shown in Figure 5A. TAPI-0-mediated 335 

accumulaƟon of membrane-anchored TNFα was measured by immunoŇuorescence (Figure 336 

5B). AddiƟon of TAK-242 at diīerent Ɵme points produced diīerenƟal TNFα levels across 337 

individual cells (SI 5B). TNFα output/cell was quanƟĮed using ring-band analysis (see 338 

Methods). TNFα producƟon increased progressively with later TAK-242 addiƟon, reaching a 339 

maximum at 4 h (16.11 and 4.58-fold over control for LPS and MPLA, respecƟvely; Figure 5C). 340 

The broad spread in each dataset reŇects heterogeneous TNFα producƟon across cells. Unlike 341 

NFKBIA, TNFα producƟon diīered substanƟally between LPS and MPLA sƟmulaƟon (Figure 342 

5C, SI 5C). Pam3CSK4 sƟmulaƟon was unaīected by TAK-242, serving as a negaƟve control for 343 

assay validaƟon (SI 5D). To relate MyD88 assembly to TNFα output, ΔTNFα, deĮned as the 344 

diīerence in mean TNFα between successive Ɵme points (ݐ௡−ݐ௡−1), was ploƩed with the 345 

total number of MyD88 assemblies/cell in dual-axis Ɵme-course plots (Figure 5D,E). Under 346 

LPS sƟmulaƟon, ΔTNFα increased and began to saturate by 4 h, well aŌer the MyD88 assembly 347 

peak at 15 min (Figure 5D), consistent with intervening signaling, transcripƟonal, and 348 

translaƟonal steps required for cytokine producƟon. By contrast, under MPLA sƟmulaƟon, 349 

ΔTNFα remained comparaƟvely low, consistent with weaker agonism (Figure 5E). 350 



At 4 h aŌer LPS sƟmulaƟon, a substanƟal number of MyD88 assemblies remained (4.9 ± 351 

0.5/cell), allowing simultaneous measurement of MyD88 assembly and TNFα in the same 352 

cells. We therefore used immunoŇuorescence to detect both readouts, using Brefeldin A 353 

(BFA): an ER-to-Golgi traĸcking inhibitor that retained TNFα intracellularly. The workŇow is 354 

shown in Figure 5F. Although BFA reduced the dynamic range of TNFα producƟon, LPS-treated 355 

cells sƟll showed signiĮcantly higher TNFα intensity than untreated controls (SI 5E). We 356 

quanƟĮed MyD88 assembly and TNFα producƟon in MyD88-mNG cells and primary BMDMs 357 

(Figure 5G). QuanƟĮcaƟon of MyD88 puncta intensity enabled group straƟĮcaƟon in both 358 

systems, as above. In each case, Group A cells, which also contained more MyD88 assemblies, 359 

produced signiĮcantly more TNFα than Group B cells, both in MyD88-mNG cells (Figure 5H,I) 360 

and primary BMDMs (Figure 5J,K). Together, these data show that, at the single-cell level, 361 

ligand-driven TNFα output is coupled with pre-exisƟng diīerences in cellular MyD88 assembly 362 

capacity. 363 

MyD88 heterogeneity and ligand strength couple inŇammatory acƟvaƟon to feedback 364 

engagement  365 

Because macrophage acƟvaƟon is shaped by the inŇammatory sƟmulus, negaƟve regulaƟon 366 

may also vary across individual cells. Because TLR sƟmulaƟon induces mulƟple negaƟve 367 

regulators that terminate or restrain pathway acƟvaƟon, ligand idenƟty and MyD88 368 

abundance may jointly determine feedback engagement37. To test this, we compared 369 

persistence of MyD88-dependent cytokine output at early and late Ɵme points. Although 370 

MPLA induced lower absolute levels than LPS, the fracƟon of TNFα and IL6 remaining at 24 h 371 

relaƟve to 4 h was signiĮcantly higher with MPLA than LPS (1.95-fold and 3.94-fold, 372 

respecƟvely; Figure 6A; absolute values in SI 6A). Thus, LPS-induced cytokine producƟon was 373 

more strongly dampened over Ɵme, indicaƟve of more eīecƟve negaƟve feedback, whereas 374 

MPLA showed weaker aƩenuaƟon. Together, these data suggested that stronger agonism 375 

drives not only greater acƟvaƟon, but also more eĸcient shutdown. 376 

We next asked whether this diīerence was reŇected at the level of MyD88 assembly. 377 

QuanƟĮcaƟon of MyD88 assemblies in MyD88-mNG cells at later Ɵme points showed that the 378 

diīerence between LPS and MPLA progressively decreased, with no signiĮcant diīerence 379 

remaining at 24 h (Figure 6B). This indicated overall aƩenuaƟon of signaling at later Ɵmes, but 380 

did not by itself explain ligand-speciĮc negaƟve regulaƟon. We therefore examined MyD88s, 381 

an exon 2-skipped isoform of full-length MyD88 (MyD88L) induced in macrophages upon 382 

prolonged inŇammatory sƟmulaƟon38. Loss of exon 2 abolishes IRAK4 recruitment and 383 

downstream signaling (Figure 6C), making MyD88s a candidate negaƟve regulator of 384 

prolonged MyD88-dependent signaling39. In the MyD88-mNG cell line, the Ňuorescent tag is 385 

posiƟoned at the C terminus, encoded by exons 3–5 (Figure 6C), and could therefore 386 

overesƟmate funcƟonal MyD88 assembly abundance at longer Ɵme points. We therefore 387 

measured MyD88s mRNA by qPCR aŌer LPS or MPLA sƟmulaƟon at 4 and 24 h. The 388 

MyD88s/MyD88L raƟo increased signiĮcantly only aŌer prolonged LPS sƟmulaƟon at 24 h 389 



(Figure 6D), suggesƟng that strong, sustained inŇammatory signaling preferenƟally engages 390 

negaƟve regulators such as MyD88s in a ligand-dependent manner. 391 

Because negaƟve regulaƟon of MyD88 signaling occurs at mulƟple stages37,40, we next asked 392 

whether it is more broadly ligand-speciĮc. We performed bulk RNA sequencing 4 h aŌer 393 

sƟmulaƟon. Heatmaps of selected negaƟve regulators and cytokines showing signiĮcant 394 

sƟmulaƟon-induced changes, expressed as log2 fold change relaƟve to control are shown in 395 

Figure 6E (raw CPM values in SI 6B). LPS-treated cells showed signiĮcantly higher expression 396 

of cytokines, chemokines, and immunoregulatory genes than MPLA-treated cells. This paƩern 397 

was further illustrated by the volcano plot in Figure 6F, and by gene set enrichment analysis, 398 

showing strong posiƟve enrichment of inŇammatory pathways under LPS sƟmulaƟon (SI 6C). 399 

Together, these results indicate that LPS engages a broader inŇammatory and regulatory 400 

transcripƟonal program than MPLA.  401 

Because signal inducƟon reŇected combined eīects of MyD88 heterogeneity and ligand 402 

idenƟty, we next asked whether intrinsic diīerences in MyD88 abundance also drive cell-to-403 

cell variaƟon in inducƟon of negaƟve regulaƟon. Among the negaƟve regulators idenƟĮed by 404 

bulk RNA sequencing, TNFAIP3, which encodes the well-characterized inhibitor A20, diīered 405 

signiĮcantly between LPS and MPLA-sƟmulated cells (Figure 6F). We therefore measured 406 

ligand-induced A20 producƟon in single cells by immunoŇuorescence (Figure 6G). A20 levels 407 

were signiĮcantly higher aŌer LPS than MPLA sƟmulaƟon, consistent with the RNA-408 

sequencing results (SI 6D). StraƟĮcaƟon of LPS-treated cells by MyD88 puncta intensity 409 

further revealed a quanƟtaƟve diīerence in A20 producƟon, with Group A cells producing 410 

~30% more A20 than Group B cells (Figure 6H).  411 

InŇammatory acƟvaƟon without proporƟonal transcripƟonal feedback engagement is a 412 

conserved feature of AD pathology and chronic inŇammatory diseases 413 

Our macrophage data idenƟĮed that under weak agonism, inŇammatory acƟvaƟon becomes 414 

uncoupled from proporƟonal negaƟve-feedback engagement, resulƟng in a persistent low-415 

amplitude inŇammatory signaling. Since sustained, low-grade inŇammatory states are a 416 

recurring pathological feature of chronic inŇammatory diseases, we asked whether 417 

inŇammatory acƟvaƟon and its negaƟve regulaƟon become similarly imbalanced in chronic 418 

human disease. As a Įrst test, we uƟlized data from dorsolateral prefrontal cortex (DLPFC) 419 

Ɵssue of a large-scale postmortem cohort comprising AD cases along with non-disease 420 

control41. We examined whether microglial acƟvaƟon occurs across AD progression stage 421 

(Braak stage), or in AD-associated pathology (amyloid-β burden, and tau burden), and 422 

whether pathology-linked inŇammatory acƟvaƟon is accompanied by proporƟonal 423 

transcripƟonal feedback and negaƟve-regulatory engagement. Using bulk and single-nucleus 424 

RNA sequencing (snRNAseq) (Figure 7A), we tested the associaƟon between AD 425 

neuropathology and the expression of  acƟvaƟon and feedback-associated transcripts 426 

idenƟĮed from our macrophage system.  427 



MYD88s reports the receptor-proximal TLR/MyD88 axis39,42, NFKBIA marks NFκB pathway 428 

engagement34, and TNFAIP3/A20 and SOCS3 represent negaƟve-regulatory axes linked to 429 

NFκB43 and cytokine/JAK–STAT44 signaling respecƟvely. AddiƟonal MAPK and RNA-regulatory 430 

feedback genes, including DUSPs45 and ZC3H12A46, are shown in SI 7A. In bulk corƟcal Ɵssue, 431 

NFKBIA showed the strongest associaƟon with increasing Braak stage (ANOVA p-value = 432 

0.000111), consistent with progressive NFκB-linked inŇammatory acƟvaƟon in AD brain 433 

Ɵssue47 (Figure 7B). To test this associaƟon more robustly, we performed a regression analysis 434 

of gene expression against Braak stage as the predictor variable while adjusƟng for known 435 

covariates including sex, age at death, and APOE genotype status. NFKBIA showed a 436 

signiĮcantly posiƟve associaƟon with Braak stage (adjusted p-value = 0.008). In contrast, 437 

MYD88s, TNFAIP3/A20, and SOCS3 did not scale proporƟonally with Braak stage, suggesƟng 438 

that pathology-associated inŇammatory acƟvaƟon is not matched by coordinated 439 

transcripƟonal engagement of broader negaƟve-regulatory programs. Cytokine and 440 

chemokine transcripts as idenƟĮed from the macrophage results did not show any 441 

associaƟons with Braak stage (SI 7B), likely reŇecƟng their transient and post-transcripƟonally 442 

regulated nature and the limited ability of bulk-Ɵssue mRNA to capture secreted inŇammatory 443 

outputs. Further we examined whether this pathology-linked inŇammatory signature 444 

idenƟĮed in bulk corƟcal Ɵssue was reŇected in microglia. At least half of the transcripts of 445 

our gene of interest are expressed in a minimum of 5% microglia nuclei from snRNAseq data 446 

indicaƟng engagement of these pathways in microglia (SI 7C). Consistent with bulk RNAseq, 447 

NFKBIA showed posiƟve associaƟons with Braak stage (p-value = 0.00034) (Figure 7C), 448 

amyloid-β burden (Figure 7D), and tau tangle burden (Figure 7E). In contrast, broader negaƟve 449 

regulators, including TNFAIP3/A20, MYD88s, and SOCS3, did not show comparable 450 

associaƟons with Braak stage, amyloid-β, or tau pathology (Figures 7C–E; DUSPs and ZC3H12A 451 

in SI 7D–F). Notably, NFKBIA transcripts did not correlate with total microglial abundance (SI 452 

7G), suggesƟng that its associaƟon reŇects pathology-linked inŇammatory acƟvaƟon rather 453 

than microglial density alone.  454 

Having idenƟĮed this uncoupling in AD brain Ɵssue, we next asked whether it reŇects a 455 

general feature of chronic inŇammatory disease. We therefore examined publicly available 456 

peripheral blood transcriptomic datasets spanning chronic and acute inŇammatory diseases 457 

and infecƟons (cohort detail in methods). Chronic condiƟons included mild cogniƟve 458 

impairment (MCI), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), Crohn's 459 

disease (CD), and ulceraƟve coliƟs (UC) (Figure 7F), while acute condiƟons included inŇuenza, 460 

spinal cord injury (SCI), COVID-19, sepsis, and sepƟc shock (Figure 7G). We calculated scaled 461 

Z-score values for a selected set of genes across all cohorts (see methods). Across chronic 462 

condiƟons, inŇammatory acƟvaƟon markers including NFKBIA, TLR2, IL1B, and PTGS2 were 463 

broadly elevated, while negaƟve-feedback regulators such as TNFAIP3, SOCS3, and ZC3H12A 464 

remained comparaƟvely low (Figure 7F-G, log2FC values in SI 8A-B). Acute inŇammatory and 465 

infecƟous condiƟons showed more proporƟonal/higher feedback transcripts over acƟvaƟon 466 

(Figure 7G). To quanƟfy this directly, we calculated a composite index for each condiƟon 467 



(mean Z-score of inŇammatory genes minus mean Z-score of negaƟve genes; SI 8C,D) and 468 

compared it between chronic and acute datasets. Chronic condiƟons showed a signiĮcantly 469 

higher uncoupling index in terms of negaƟve feedback genes than acute condiƟons (Figure 470 

7H). 471 

Discussion 472 

Cell-to-cell heterogeneity has long been implicated in shaping diīerenƟal immune responses, 473 

and single-cell studies have shown that NFκB acƟvaƟon can vary markedly across apparently 474 

similar cells in its Ɵming, amplitude, and persistence11,12. Our results place an important part 475 

of this variability further upstream, showing that TLR agonists act on a non-uniform 476 

macrophage populaƟon with a pre-exisƟng distribuƟon of cellular MyD88 states. This 477 

distribuƟon is likely maintained within a producƟve range, as excessive MyD88 can promote 478 

aberrant signaling48,49, whereas insuĸcient MyD88 can weaken downstream inŇammatory 479 

signaling and favour immune suppression50. Our results show that macrophages span an 480 

approximately order-of-magnitude range in MyD88 abundance, and together with agonist 481 

strength this determines whether individual cells enter a signaling-competent assembly state. 482 

OperaƟonally, this can be captured by straƟfying cells by the presence of large MyD88 483 

assemblies, with high-MyD88 cells entering this state more readily than low-MyD88 cells (only 484 

in the presence of strong agonism or high dosage of weak ligands). This heterogeneity was 485 

stable rather than transient, re-emerging aŌer cell division independently of cell-cycle state. 486 

Subsequently, the relaƟve abundance of fast and slow-response states converted disƟnct 487 

inputs into graded analog outputs. 488 

Such stable heterogeneity also helps explain the assembly mechanism itself. Recent work on 489 

death-fold signaling proteins has shown that many innate immune adaptors carry sequence-490 

encoded nucleaƟon barriers, allowing them to remain soluble above their saturaƟon 491 

concentraƟon and to assemble abruptly once seeded51,52. However, the presence of small 492 

MyD88 assemblies in unsƟmulated cells argues that MyD88 assembly is not fully explained by 493 

a purely nucleaƟon-barrier-limited supersaturated state. Instead, our data suggest that the 494 

probability of forming signaling-competent MyD88 assemblies in a cell is shaped by several 495 

factors, including absolute MyD88 abundance, nucleaƟon-competent TLR dimers, and 496 

downstream steps such as IRAK recruitment into growing assemblies. In this framework, pre-497 

exisƟng MyD88 heterogeneity biases the relaƟve distribuƟon of assembly states. Enrichment 498 

of large assemblies in high-MyD88 cells under strong agonism indicates that producƟve 499 

assembly is selecƟvely promoted in a MyD88-dependent manner, even if other pathway 500 

components covary with MyD88 abundance. This also explains why excessively high MyD88 501 

could, in principle permit sƟmulus-independent signaling from a small basal pool of receptor 502 

dimers48,49. 503 

Importantly, group straƟĮcaƟon based on MyD88 assembly also predicted both downstream 504 

signal transducƟon and negaƟve regulaƟon. Under LPS sƟmulaƟon, the fast-response, high-505 

assembly state cells showed greater nuclear enrichment of Ser536-p65 and higher TNFα 506 



producƟon than the slow-response state. By contrast, MPLA produced weak Ser536-p65 507 

nuclear translocaƟon and uniformly low TNFα in both groups. However, a broadly comparable 508 

NFKBIA inducƟon under LPS and MPLA suggested that some NFκB target genes respond once 509 

the pathway is engaged, whereas others, such as TNFα, are more sensiƟve to the strength and 510 

quality of upstream MyD88-dependent signaling. The stronger inŇammatory signaling 511 

induced by LPS produced not only broader transcripƟonal acƟvaƟon of cytokines and 512 

chemokines, but also stronger aƩenuaƟon at later Ɵme points, accompanied by increased 513 

inducƟon of negaƟve regulators such as MyD88s and immunoregulatory programs involving 514 

TNFAIP3/A20, SOCS3, NFKBIZ and ZC3H12A. By contrast, MPLA showed liƩle or signiĮcantly 515 

weaker inducƟon of these negaƟve modulators and was associated with persistent low-516 

amplitude cytokine producƟon even at 24 h, consistent with a weakly resolved inŇammatory 517 

state exhibiƟng features reminiscent of chronic inŇammaƟon. 518 

Our earlier Įnding that amyloid-β (Aβ) aggregates induce slower MyD88 assembly kineƟcs in 519 

macrophages, albeit in an overexpression system53, is consistent with broader evidence that 520 

misfolded protein aggregates can act as weak agonists for microglia, driving pro-inŇammatory 521 

cytokine producƟon54. In addiƟon, growing evidence implicaƟng innate immune genes in 522 

chronic neuroinŇammaƟon prompted us to ask whether persistent inŇammatory acƟvity in 523 

AD may reŇect not only sustained pathway acƟvaƟon, but also insuĸcient proporƟonal 524 

engagement of negaƟve-regulatory programs55,56. Using bulk and snRNAseq data from a large-525 

scale published post-mortem cohort41, we found a Braak stage-dependent increase in 526 

inŇammatory signaling in DLPFC Ɵssue without coordinated transcripƟonal inducƟon of 527 

negaƟve-regulatory program. In microglia-speciĮc transcriptomes, several negaƟve regulators 528 

were detectable, but unlike NFKBIA, they did not track with Braak stage or amyloid and tau 529 

burden. This is notable because A20/TNFAIP3 and SOCS3 are important brakes on 530 

neuroinŇammatory microglial acƟvaƟon57–61. Although several of these feedback regulators 531 

are further controlled by post-transcripƟonal and translaƟonal modiĮcaƟons, their dynamic 532 

regulaƟon and rapid turnover makes sustained transcripƟon an important requirement for 533 

maintaining an eīecƟve negaƟve feedback62–66. Thus, an absence of proporƟonal inducƟon of 534 

these regulators with increasing pathology in AD-associated inŇammatory acƟvaƟon is 535 

consistent with weak agonism by Aβ aggregates. This is parƟcularly signiĮcant because NFκB 536 

and type I interferon signaling converge downstream of mulƟple innate pathways implicated 537 

in AD (including cGAS–STING)67-69, raising the possibility that incomplete negaƟve-feedback 538 

engagement reŇects a shared vulnerability that can extend beyond the MyD88–TLR axis. 539 

Extending this analysis to peripheral blood transcriptomes, we found that this uncoupled 540 

paƩern recurred across addiƟonal chronic condiƟons, including further neurodegeneraƟve 541 

disease and inŇammatory bowel disease.  However, a proporƟonal or slightly enhanced 542 

engagement of such feedback transcripts in acute inŇammatory and infecƟous diseases might 543 

contribute to their self-limiƟng nature. 544 

In summary, our results provide a mechanisƟc framework for how macrophages sustain 545 

heterogeneous MyD88 abundance to shape single-cell inŇammatory decision-making, 546 



enabling both graded signal iniƟaƟon and disƟncƟon between self-limiƟng and persistent 547 

modes of inŇammaƟon. Although the concordance between human clinical datasets and our 548 

in vitro mechanisƟc Įndings is compelling, longitudinal in vivo validaƟon in paƟent cohorts 549 

will be essenƟal to validate our Įndings across disease progression. AddiƟonally our work 550 

opens a broader  line of  quesƟons regarding whether similar mechanisms  occur in signalling 551 

by  other innate immune signalosomes8,70.  552 
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described8. The MyD88 knockout iBMDM line generated in this study is available upon request 557 
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LPS, and MPLA sƟmulated macrophages are provided as addiƟonal supplementary Įles. The 560 

raw data Įles are deposited in NCBI GEO available under accession number GSE336686. 561 

Source code and documentaƟon for tracking individual MyD88 assembly, intensity, and 562 

lifeƟme analysis are available at hƩps://github.com/zeroth/simple_parƟcle_tracking. 563 
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and snRNAseq analysis. All other data, and addiƟonal informaƟon will be shared by the lead 565 
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Methods 600 

Cell lines and culture 601 

All cell lines (MyD88–mNG, WT, and MyD88 knockout iBMDMs) were cultured in Dulbecco’s 602 

ModiĮed Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-603 

glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cells 604 

were maintained at 37 °C in a humidiĮed atmosphere containing 5% CO₂ and were expanded 605 

up to passage 8 prior to experimental use.  606 

Bones from a male MyD88–mNG transgenic mouse were generously provided by Dr. Marcus 607 

Taylor (Max Planck InsƟtute for InfecƟon Biology, Germany). Bone marrow cells were isolated 608 

and subsequently immortalized via J2 retrovirus by Prof. Kate Fitzgerald (UMass Chan Medical 609 

School, USA) to generate immortalized bone marrow-derived macrophages (iBMDMs). 610 

Primary Bone marrow derived macrophage (BMDM) culture 611 

C57BL/6N mice (6–12 weeks old, age- and sex-matched) were sourced from speciĮc pathogen-612 

free colonies at the Central Biomedical Services (CBS) facility, University of Cambridge, all 613 

animal procedures were approved by the UK Home Oĸce and conducted in accordance with 614 

insƟtuƟonal ethical standards. Bone marrow cells were isolated by Ňushing femurs and Ɵbias 615 

with PBS, Įltered through a 70 μm strainer, and resuspended in complete RPMI-1640 (10% 616 

FBS, 100 U/mL penicillin-streptomycin, 1 mM HEPES), then plated and diīerenƟated into 617 

BMDMs over 6 days in the presence of 100 ng/mL M-CSF, with medium refreshed on day 3. 618 

Mature BMDMs were detached by harvesƟng in to sterile PBS containing 10mM EDTA and 619 

4mg/ml lidocaine-HCl, and replated at 0.3 × 10^6 cells onto well chambers (8 well high:ibidi 620 



GmbH, catalog no. 80806), maintained in DMEM (10% FBS, 100 ng/mL M-CSF), and sƟmulated 621 

with the speciĮed agonist as detailed in relevant Įgure legends. 622 

CRISPR–Cas9 genome ediƟng 623 

Myd88 knockout (Mko) iBMDMs were generated using CRISPR–Cas9 genome ediƟng. A guide 624 

RNA (crRNA: 5′-GGTTCAAGAACAGCGATAGG-3′) targeƟng the Įrst exon of Myd88 was 625 

designed using the CRISPOR tool. Ribonucleoprotein (RNP) complexes were assembled by 626 

annealing 400 pmol crRNA with 200 pmol tracrRNA (IDT) at 95 °C for 5 min, followed by 627 

cooling to room temperature. Cas9 protein (366 pmol) and 4 µM electroporaƟon enhancer 628 

were then added and incubated for 15 min at room temperature. The RNP mixture was 629 

nucleofected into 1*10⁶ wild-type iBMDMs using the Nucleofector 2b device (program Y-001) 630 

and the Lonza Nucleofector KitV. Transfected cells were plated in 6-well plates containing 631 

DMEM supplemented with 10% FBS and allowed to recover prior to bulk populaƟon 632 

screening. 633 

Single-cell clones were obtained by limiƟng diluƟon (10 cells/mL in 96-well plates). Genomic 634 

DNA from individual clones was extracted, and the targeted region was ampliĮed by PCR and 635 

analyzed by Sanger sequencing. Sequencing chromatograms were evaluated using the 636 

Synthego ICE tool to conĮrm clonality and knockout eĸciency. VeriĮed Myd88-deĮcient 637 

clones were expanded and characterized phenotypically. Guide RNA and locus-speciĮc PCR 638 

primers used for sequencing are listed in Table S1. All oligonucleoƟdes were synthesized by 639 

Integrated DNA Technologies (IDT) and used without further puriĮcaƟon. Primer sequences 640 

Ňank the CRISPR–Cas9 target site within Myd88 exon1, with the forward primer used for both 641 

PCR ampliĮcaƟon and Sanger sequencing. 642 

Target Type Sequence (5′→3′) Application Source 

Myd88 crRNA GGTTCAAGAACAGCGATAGG Guide RNA targeting 

exon 1 

IDT 

Myd88 tracrRNA Standard tracrRNA (Alt-R) RNP complex assembly IDT 

Myd88 Forward 

primer 

AAGCACGTTTCCTCACCGAT PCR amplification and 

Sanger sequencing of 

target locus 

This 

study 

Myd88 Reverse 

primer 

CAGATGCCAGAGGCGGTTTA PCR amplification of target 

locus 

This 

study 

 643 

RNA isolaƟon, cDNA prep and qPCR 644 

Total RNA was extracted from homogenized lysates using the PureLink™ Mini RNA IsolaƟon 645 

Kit (Cat. No. 12183018A, Thermo Fisher ScienƟĮc). Complementary DNA (cDNA) was 646 

synthesized from the isolated RNA using the QuanƟTect Reverse TranscripƟon Kit (Cat. No. 647 

205311, Qiagen). QuanƟtaƟve PCR (qPCR) was carried out on a Bio-Rad CFX384 real-Ɵme 648 

thermal cycler using PowerTrack™ SYBR Green Master Mix (Cat. No. A46109, Thermo Fisher 649 

ScienƟĮc) and gene-speciĮc primers. 650 



Transcript          Forward primer (5’-3’) Reverse primer (5’-3’) 

GAPDH    CAACTCCCTCAAGATTGTCAGCA GGCATGGACTGTGGTCATGA 

Myd88-L CCACCCTTGATGACCCCCTAGGACA
AAC 

GTCTGTTCTAGTTGCCGGATCATCTCCTG
CAC 

Myd88-S GGAGCTGAAGTCGCGCATCGGACA
AAC 

GTCTGTTCTAGTTGCCGGATCATCTCCTG
CAC 

 651 

Bulk RNA sequencing experiments 652 

For bulk RNA-seq, 300,000 MYD88–mNeonGreen cells were seeded per well in 48‑well plates 653 

on the day of the experiment in fresh culture medium. AŌer 4 hours, cells were sƟmulated 654 

with either lipopolysaccharide (LPS, 100 ng/mL) or monophosphoryl lipid A (MPLA, 1,000 655 

ng/mL) for the 24‑hour Ɵme point. The following day, a separate set of wells was sƟmulated 656 

for 4 hours under the same condiƟons, aŌer which condiƟoned media from both the 4‑hour 657 

and 24‑hour treatments were collected, and cells were lysed directly in 50 µL/well of Zymo 658 

PureShield lysis buīer. Lysates were mixed thoroughly, transferred to 8‑strip tubes, and 659 

submiƩed to Plasmidsaurus for single‑end 3′ RNA sequencing on the Illumina plaƞorm using 660 

their internal RNA‑seq analysis pipeline based on edgeR. DiīerenƟal expression analysis was 661 

performed within this pipeline, and genes with log₂ fold‑change ≥ 1 and adjusted p‑value ≤ 662 

0.05 were considered signiĮcantly diīerenƟally expressed, with p‑values adjusted for mulƟple 663 

tesƟng.  664 

Cytokine QuanƟĮcaƟon (ELISA) 665 

Cytokine concentraƟons in cell culture supernatants were quanƟĮed by enzyme-linked 666 

immunosorbent assay (ELISA) following appropriate diluƟon of samples in growth media and 667 

processing according to the manufacturers’ protocols. Cells were seeded at a density of 668 

150,000 cells/well in 48 well plates and incubated in growth media with ligands for 4hrs, and 669 

24 hrs respecƟvely. TNFα levels were measured using the Mouse TNFα DuoSet ELISA (DY410, 670 

R&D Systems), and IL-6 levels using the Mouse IL-6 DuoSet ELISA (DY406, R&D Systems). 671 

Assays were performed in half-area 96-well plates using 50 µL of supernatant per well for 672 

DuoSet assays, and in the pre‑coated plates provided with the IFNβ kit according to the 673 

manufacturer’s instrucƟons; absorbance was recorded at 450 nm with reference correcƟon at 674 

570–590 nm on a BMG LABTECH microplate reader. Cytokine concentraƟons were calculated 675 

from standard curves generated with recombinant cytokine standards supplied with each kit. 676 

TIRF Microscopy (imaging live cell MyD88 assembly) 677 

Live imaging of MyD88 mNG cells was carried out in a custom-built TIRF microscope. The 678 

microscope was ĮƩed with incubator to maintain temperature at 37°C for long-term imaging. 679 

A 488-mm laser line (iBeam smart, TopƟca) was used to excite mNG and visualize MyD88 680 

assembly. In the setup, the beam was expanded using Galilean beam expanders and focused 681 



to the back focal plane of the objecƟve using Köhler lens to generate a Gaussian illuminaƟon 682 

proĮle. A 100× objecƟve was mounted on an inverted opƟcal microscope (Ti2 Eclipse, Nikon 683 

CorporaƟon), and the Nikon perfect-focus system was used to maintain focus throughout 684 

image acquisiƟon. The image acquisiƟon was controlled through Micro-Manager 2.0, while 685 

laser powers were controlled through the use of the manufacturer’s soŌware, or by 686 

aƩenuaƟon using neutral density Įlters. Exposure Ɵmes and laser powers were set for each 687 

experiment such as to minimize any unwanted photobleaching, while maximizing the acquired 688 

Ňuorescence signal. The TIRF angle was controlled by precise movement of a XY translaƟon 689 

stage with mirrors that focused the 488 excitaƟon at the back focal plane of the objecƟve lens. 690 

The system was calibrated using 0.1 μm Tetraspeck microsphere beads (Invitrogen) oŌen to 691 

check alignment. The Ňuorescence emission was cleaned by suitable emission Įlters (FF01-692 

520/44-25 + BLP01-488R, Semrock), and was recorded using an electron-mulƟplying charge-693 

coupled device with an EM-gain of 250 ADU/photon (Evolve 512 Delta EMCCD, Teledyne 694 

Photometrics). The image acquisiƟon was controlled through Micro-Manager 2.0.  695 

Volumetric imaging of live and Įxed cells 696 

Confocal imaging of MyD88-mNG cells was performed using two microscope conĮguraƟons. 697 

Laser-scanning confocal imaging was performed on a Zeiss LSM 780 confocal microscope 698 

equipped with an environmental incubaƟon chamber providing temperature and CO₂ control. 699 

Spinning-disk confocal imaging was performed on a 3i spinning-disk confocal microscope 700 

equipped with a Yokogawa CSU-W1 SoRa confocal scanner unit and a 3i mSwitcher millisecond 701 

opƟcal switching module. The spinning-disk system was not equipped with environmental CO₂ 702 

or temperature control; therefore, imaging of live cells on this system was performed over 703 

short acquisiƟon periods in pre-warmed imaging medium. 704 

For both microscope systems, cells were imaged using a 100× oil-immersion objecƟve. 705 

MyD88–mNG was excited using the 488 nm laser line, and Ňuorescence emission was 706 

collected using an appropriate emission Įlter or spectral detecƟon window. For the Zeiss LSM 707 

780 system, emission was collected using the confocal detector (high-sensiƟvity GaAsP) with 708 

the pinhole set to 1 Airy unit.  For the 3i spinning-disk system, Ňuorescence was collected 709 

through the CSU-W1 SoRa spinning-disk scanner onto the camera detector (back-illuminated 710 

SCMOS, Teledyne Prime 95B). Laser power, exposure Ɵme, binning, z-step size, and acquisiƟon 711 

interval were kept constant across experimental condiƟons. 712 

For quanƟtaƟve imaging, acquisiƟon seƫngs were chosen to avoid pixel saturaƟon while 713 

preserving suĸcient signal-to-noise for detecƟon of MyD88–mNeonGreen puncta. 714 

UnsƟmulated and sƟmulated samples were imaged using matched acquisiƟon parameters 715 

within each experiment. QuanƟtaƟve comparisons were made between samples acquired 716 

under idenƟcal microscope seƫngs and, where data from both microscopes were analysed 717 

together, microscope system idenƟty was accounted for during analysis or data were 718 

normalized within each imaging system. 719 



MyD88 assembly live-cell imaging 720 

MyD88-mNG cells were plated onto glass-boƩom confocal dish (ibidi GmbH, catalog no. 721 

81156) or well chambers (8 well high:ibidi GmbH, catalog no. 80806, 18 well high: ibidi GmbH, 722 

catalog no. 81816) and leŌ to adhere overnight. The complete DMEM was then replaced by 723 

FluoroBrite complete DMEM [FluoroBrite DMEM, 10% FBS, 2 mM l-glutamine, 1 mM sodium 724 

pyruvate, penicillin (100 U/ml), and streptomycin (100 μg/ml)] containing 25 mM Hepes. 725 

MyD88-mNG were sƟmulated by adding LPS, MPLA, or Pam3CSK4 at required dosage, and 726 

were imaged in TIRF or confocal. In TIRF, the focus plane was set to the boƩom surface of cells, 727 

and one frame was captured in the same Įeld of view (FOV) at required interval. For confocal 728 

measurements, 3D stacks were obtained with a z-step of 0.5 μm. The z-stacks were converted 729 

into maximum intensity projecƟons. Image analysis was performed using Fiji (NaƟonal 730 

InsƟtutes of Health) with a custom automaƟon macro. All images were Įrst background-731 

subtracted by Gaussian blurring (radius = 4 pixels). MyD88 puncta were idenƟĮed using 732 

ThunderSTORM, and their intensity was subsequently measured. Puncta were disƟnguished 733 

from noise by having twofold intensity signiĮcance compared to the background. 734 

MyD88-mNeonGreen photobleaching 735 

One-milliliter MyD88-mNG suspension (cell concentraƟon = 107 cells/ml) was centrifuged at 736 

4°C, 400g for 5 min to collect cell pellets. The pellets were washed twice with 3 ml of ice-cold 737 

PBS and then resuspended in 500 μl of lysis buīer (50 mM tris-HCl, 150 mM NaCl, and 1% NP-738 

40, pH 7.4) containing protease inhibitors (Complete Roche, catalog no. 4693116001) and 739 

phosphatase inhibitors (PhosSTOP Roche, catalog no. 4906845001). The mixture was 740 

incubated on ice for 30 min and centrifuged at 4°C, 16,000 rpm for 30 min to remove cell 741 

debris. The supernatant (200 μl) was transferred into a glass-boƩom eight-well chamber (ibidi 742 

GmbH, catalog no. 80807) and imaged in TIRF. A total of 1000 frames were conƟnuously 743 

captured at the same FOV, with an exposure Ɵme of 100 ms to achieve photobleaching. 744 

Monomeric MyD88-mNG proteins were idenƟĮed by a single intensity drop in the 745 

photobleaching intensity curves, and their intensity was determined using the same method 746 

as in MyD88 puncta.  747 

Single Molecule RNA Fluorescence in situ HybridisaƟon (smRNA-FISH)  748 

A total of 50,000 MyD88-mNG cells were plated in 18-well chamber slides (ibidi, 81817) and 749 

cultured overnight before sƟmulaƟon with 100 ng/mL LPS or 1000 ng/mL MPLA. Cells were 750 

then washed once with PBS and Įxed with 4% (w/v) paraformaldehyde (Thermo Fisher 751 

ScienƟĮc, 28906) for 20 min at room temperature. Residual paraformaldehyde was quenched 752 

with 0.1 M glycine in PBS, followed by two washes with PBS. NFKBIA mRNA was detected 753 

using the ViewRNA ISH Cell Assay Kit (Thermo Fisher ScienƟĮc, QVC0001) together with 754 

the ViewRNA Type 6 Probe Set for mouse NFKBIA (Thermo Fisher ScienƟĮc, VB6-11427) 755 

according to the manufacturer’s protocol.  756 



 Fluorescence images were acquired using a spinning-disk confocal microscope equipped with 757 

a 100× objecƟve and 2×2 pixel binning. MyD88-mNG protein was imaged using 488-nm laser 758 

excitaƟon with 200 ms exposure, gain = 3, and 100% laser power, while NFKBIA mRNA was 759 

imaged using 640-nm laser excitaƟon with 50 ms exposure, gain = 1, and 30% laser power. Z-760 

stack images were acquired from the boƩom to the top of cells with a step size of 761 

0.3 μm. Acquired image stacks were z-projected into a single plane, using average intensity 762 

projecƟon for the MyD88-mNG channel and maximum intensity projecƟon for 763 

the NFKBIA channel. Cells were segmented in the MyD88-mNG channel using 764 

the StarDist plugin with a score threshold of 0.6 and an overlap threshold of 765 

0.3. NFKBIA mRNA signals were detected using the ThunderSTORM plugin, with signals 766 

disƟnguished from background noise using a detecƟon threshold of three Ɵmes the standard 767 

deviaƟon of the background intensity.  768 

LifeƟme analysis of MyD88 assembly (Image Analysis and ParƟcle Tracking) 769 

A custom Python pipeline was developed to detect and track Ňuorescent parƟcles across Ɵme-770 

lapse image stacks. The pipeline consisted of three sequenƟal stages: (i) per-frame 771 

background removal and blob detecƟon to produce object masks and per-object region 772 

properƟes, (ii) frame-to-frame linking of detected objects into trajectories, and (iii) 773 

downstream quanƟĮcaƟon of track length and intensity distribuƟons. Source code and 774 

documentaƟon are available at [hƩps://github.com/zeroth/simple_parƟcle_tracking]. 775 

Analysis was performed with Python 3.x using scikit-image, trackpy, NumPy, pandas, ƟīĮle, 776 

and matplotlib. 777 

Image pre-processing and parƟcle segmentaƟon 778 

MulƟ-frame TIFF stacks were read with ƟīĮle71 and each 2D frame was processed 779 

independently. Uneven background and slowly varying illuminaƟon were suppressed by 780 

grayscale morphological reconstrucƟon by dilaƟon72,73, which esƟmates a smooth background 781 

image from a seed obtained by erosion of the frame with a disk-shaped structuring element 782 

(default radius 10 pixels) and subtracts it from the original frame. This preserves compact 783 

bright features while removing diīuse background. 784 

Candidate parƟcles were detected on the background-subtracted frames using mulƟ-scale 785 

Laplacian-of-Gaussian (LoG) blob detecƟon74. Each frame was rescaled to the intensity range 786 

[0, 1] prior to detecƟon. Blobs were idenƟĮed as local maxima of the scale-normalised LoG 787 

response across a range of Gaussian scales σ sampled logarithmically; overlapping and border-788 

touching detecƟons were discarded. Values of σ and the response threshold were tuned to 789 

the expected parƟcle size and signal-to-noise raƟo of each dataset (typical values: σ = 2–10 790 

px, threshold = 0.09). 791 

Each detected blob, parameterised as a centre (y, x) and scale σ, was rasterised onto a binary 792 

mask as a disk of radius σ·√2 (the characterisƟc radius of a Gaussian spot matching a LoG 793 

response at scale σ). The mask was then connected-component labelled and per-object region 794 



properƟes — area, centroid, mean/max/min intensity (measured on the original frame), 795 

bounding box, equivalent diameter, perimeter, and solidity — were extracted. Background 796 

subtracƟon, blob detecƟon, and region-property extracƟon were performed with scikit-797 

image75. Per-frame detecƟon and property tables were concatenated into a single table with 798 

an explicit frame index. 799 

SegmentaƟon of image stacks was parallelised across frames using a thread pool (one worker 800 

per available CPU core by default), and output masks were wriƩen directly to a memory-801 

mapped TIFF to allow processing of stacks too large to hold in RAM. 802 

ParƟcle linking and trajectory reconstrucƟon 803 

Per-frame detecƟons were linked into trajectories across frames using trackpy76. A maximum 804 

search radius of search_range pixels between consecuƟve frames and a gap-closing memory 805 

of M frames (i.e., a parƟcle was permiƩed to disappear for up to M frames before being 806 

declared lost) were used; default values of search_range = 2 px and memory = 3 frames were 807 

adjusted based on the observed parƟcle density and displacement staƟsƟcs of each 808 

experiment. Linking produced per-detecƟon parƟcle idenƟĮers, from which a track table (one 809 

row per detecƟon, grouped by parƟcle) was assembled. 810 

Trajectory post-processing and quanƟĮcaƟon 811 

Track length was deĮned as the number of frames in which a parƟcle was detected aŌer 812 

linking, computed as the per-parƟcle count in the track table. Per-track intensity was 813 

summarised by the maximum over frames of the mean intensity within the segmented 814 

parƟcle mask. For visualisaƟon, per-track maximum intensiƟes were min–max normalised to 815 

[0, 1] across the dataset. DistribuƟons of track length and normalised per-track maximum 816 

intensity were visualised as histograms. For MyD88 puncta lifeƟme measurements, images 817 

were acquired under TIRF illuminaƟon with an exposure Ɵme of 100 ms and a frame interval 818 

of 30 s. Because images were collected every 30 s, lifeƟmes shorter than 30 s could not be 819 

resolved and were limited by the temporal resoluƟon of the acquisiƟon. 820 

SoŌware and data availability 821 

The segmentaƟon and tracking pipeline is implemented in two command-line Python 822 

modules (segment.py and tracking.py) and a companion Jupyter notebook for downstream 823 

analysis. All parameters used to produce the reported results are recorded in the analysis 824 

notebook and are reproducible from the raw TIFF stacks. 825 

Fluorescence correlaƟon spectroscopy (FCS) 826 

Intracellular MyD88–mNG concentraƟon was quanƟĮed in live cells using confocal 827 

Ňuorescence correlaƟon spectroscopy on a Zeiss LSM 780 laser-scanning confocal microscope 828 

equipped with an FCS module and an environmental incubaƟon chamber for temperature and 829 

CO₂ control. During measurements, cells were maintained at 37°C and 5% CO₂ in imaging 830 

medium as described previously. Similar to the live cell imaging protocol, the cells were 831 



seeded onto glass boƩom confocal dish dish (ibidi GmbH, catalog no. 81156) at a density of 832 

0.3 × 10^6 cells and leŌ to adhere overnight.  833 

mNG was excited using the 488 nm laser line, and Ňuorescence emission was collected using 834 

a detecƟon window of 491-633 nm. FCS measurements were acquired using a 40X water 835 

immersion objecƟve with numerical aperture of 1.2. Laser power was kept low (3% of the 836 

power range in Zen soŌware) to minimize photobleaching and phototoxicity while 837 

maintaining suĸcient photon counts for autocorrelaƟon analysis. Signal was detected  using 838 

the high-sensiƟvity GaAsP detector of the Zeiss LSM 780 in photon-counƟng mode. The 839 

detector was conĮgured for single-point FCS measurements, and Ňuorescence intensity 840 

ŇuctuaƟons were autocorrelated using the Zeiss ZEN/FCS analysis module. However the raw 841 

data was extracted and separated using a Įƫng model with 3d diīusion of one Ňuorescent 842 

component with a triplet ŇuctuaƟon. The equaƟon is as follows 843 

 844 

• N - average number of Ňuorescent molecules in observaƟon volume 845 

 diīusion Ɵmes of Ňuorescent species 846 - ࢌࢌ࢏ࢊ࣎ •

• κ - structure parameter (axial:lateral waist raƟo) of observaƟon volume 847 

• T - triplet fracƟon 848 

 triplet relaxaƟon Ɵme 849 - ࢀ࣎ •

CorrelaƟon was carried out for 30 sec with a binning of 0.2 μs. Before cellular measurements, 850 

the confocal detecƟon volume was calibrated using a freely diīusing soluƟon (50 nM and 100 851 

nM) of Alexa FluorTM 488 Succinimidyl ester (ThermoĮsher, catalog no. A20000) prepared in 852 

PBS. CalibraƟon measurements were acquired using the same opƟcal conĮguraƟon as used 853 

for cellular FCS, at 37°C. The eīecƟve confocal volume (0.5-0.7 femtolitre) was determined 854 

from the ĮƩed average number of Ňuorescent molecules in the detecƟon volume and the 855 

known dye concentraƟon. The diīusion coeĸcient D was calculated to be 690 μm2/sec, within 856 

the range of reported literature with Stoke-Einstein scaling. Only calibraƟon measurements 857 

with stable count rates and well-ĮƩed autocorrelaƟon curves were used for subsequent 858 

concentraƟon calculaƟons. 859 

For cellular FCS, individual cells were Įrst idenƟĮed by confocal imaging the unsƟmulated 860 

cells. The FCS observaƟon volume was posiƟoned within the cytoplasm of single cells using 861 

Spot Select (crosshair) module in Zen, avoiding the nucleus, cell edges, and any visible MyD88 862 

puncta. This strategy was used to esƟmate the local concentraƟon of the diīuse cytoplasmic 863 

MyD88–mNG pool. For each cell, 2 cytoplasmic measurement points were recorded for 30 864 

seconds per acquisiƟon, with 3 per point. Measurements showing abrupt intensity 865 

(࣎)ࡳ = ૚ + ૚ࡺ (૚ + ૚ࢀ − ࢀ ࢀ࣎࣎−ࢋ ) (૚ + ૛)−૚/૛ࣄࢌࢌ࢏ࢊ࣎࣎
 



ŇuctuaƟons due to cell movement, passage of large Ňuorescent structures, photobleaching, 866 

or unstable baseline Ňuorescence were excluded from analysis. Fluorescence intensity traces 867 

were extracted and ĮƩed using the same model with two diīusion coeĸcients. 868 

 869 

a1 + a2 = 1 (relaƟve populaƟon of two Ňuorescent species) 870 ࣎࢏ࢊ - diīusion Ɵmes of the two components 871 

The intracellular concentraƟon of MyD88–mNG was calculated from the ĮƩed molecule 872 

number ܰand the calibrated eīecƟve confocal volume eܸīaccording to 873 ܥ = ܰ஺ܰ eܸī
 881 

where ஺ܰis Avogadro’s number. ConcentraƟons were reported as local cytoplasmic MyD88-874 

mNG concentraƟon per cell. The Įnal result is pooled from 25 cells across 3 independent 875 

biological replicates. Cells with poor Ňuorescence signal, saturated pixels, excessive 876 

photobleaching, abnormal morphology, or poor autocorrelaƟon Įts were excluded using the 877 

same criteria across all condiƟons. An important approximaƟon for the concentraƟon 878 

measurement was considering an uniform distribuƟon of MyD88 mNG throughout the cell 879 

(except the nucleus), which is valid for an unsƟmulated cell.  880 

Approximate esƟmaƟon of MyD88 molecules per cell 882 

To esƟmate the number of MyD88 molecules per cell, we Įrst calculated the approximate 883 

cellular volume from confocal z-stack images. The perimeter of individual cells was measured 884 

in Fiji/ImageJ, and the projected cell area was esƟmated using a circular approximaƟon, where 885 

the cell radius was calculated from the measured perimeter. Cell height was esƟmated from 886 

the number of acquired z-slices mulƟplied by the z-step size of 0.5 μm. The volume of each 887 

cell was then calculated as the product of the projected area and esƟmated height. Based on 888 

this approach, cellular volumes ranged from approximately 3 to 15 pL. The number of MyD88 889 

molecules per cell was then esƟmated from the FCS-derived MyD88 concentraƟon range of 890 

7–92 nM using Avogadro’s constant. This yielded an esƟmated range of approximately 12,600 891 

to 831,500 MyD88 molecules per cell. 892 

Immunocytochemistry (general protocol followed) 893 

• Cells were seeded on glass-boƩom dishes or imaging chambers and allowed to adhere 894 

overnight before sƟmulaƟon.  895 

• Cells were sƟmulated with the indicated ligands for the required dosage and Ɵme 896 

points and then Įxed 50 mg/ml dimethyl pimelimidate (DMP: ThermoFisher ScienƟĮc; 897 

Catalog number: 21667) or with 4% paraformaldehyde in PBS for 15 mins at room 898 

temperature.  899 

(࣎)ࡳ = ૚ + ૚ࡺ (૚ + ૚ࢀ − ࢀ ࢀ࣎࣎−ࢋ ) ∑ ࢏ࢇ (૚ + ૚−(࢏ࡰ࣎࣎ (૚ + ૚−(࢏ࡰ૛࣎ࣄ࣎ ૛⁄૛
૚=࢏  



• AŌer ĮxaƟon, cells were washed with PBS and permeabilized with 0.1% Triton X-100 900 

in PBS for 5 mins.  901 

• Non-speciĮc binding was blocked using 3 % BSA, in PBS for 60 min at room 902 

temperature. PuriĮed rabbit anƟ-mouse CD16/CD32 (BD PharmingenTM, Catalog 903 

number: 567021) was supplemented to the blocking soluƟon at a concentraƟon of 4 904 

μg/ml. 905 

• Cells were incubated with the indicated primary anƟbodies diluted in 1% BSA (in PBS 906 

buīer) either overnight at 4°C or for 3 h at room temperature.  907 

• AŌer washing, cells were incubated with speciĮc secondary anƟbodies of required 908 

diluƟon for 45 mins at room temperature in the dark.  909 

• Nuclei were counterstained with DAPI depending on experimental requirements. 910 

• For quanƟtaƟve comparison, all samples were processed using idenƟcal staining 911 

condiƟons and imaged using matched microscope seƫngs. 912 

 913 

Measurement of cell-to-cell MyD88 heterogeneity by immunocytochemistry 914 

For intensity-based measurement of MyD88 heterogeneity, MyD88–mNG iBMDMs, WT 915 

iBMDMs, and primary BMDMs were plated in ibidi 8-well high imaging chambers at a density 916 

of 0.3 × 10⁶ cells and allowed to adhere overnight. Cells were Įxed and permeabilized 917 

according to the general immunocytochemistry procedure described above. MyD88 was 918 

labelled using an anƟ-mouse MyD88 anƟbody raised in goat (R&D Systems, AF3109), diluted 919 

in 1% BSA to a Įnal concentraƟon of 2.5 μg/mL, and incubated with cells for 3 h at room 920 

temperature. AŌer washing, cells were incubated with Alexa Fluor 647-conjugated donkey 921 

anƟ-goat IgG secondary anƟbody at 1:1000 diluƟon for 45 min at room temperature. Samples 922 

were washed and imaged under idenƟcal acquisiƟon seƫngs for quanƟtaƟve comparison of 923 

MyD88 intensity across cells and cell types. 924 

Longitudinal measurement of MyD88 heterogeneity during cell division 925 

To determine how MyD88-mNG heterogeneity is maintained during cell division, MyD88-mNG 926 

iBMDMs were seeded at low density on micropaƩerned ibidi imaging chambers containing 927 

circular adhesive regions separated by bioinert areas (μ-Slide 8 Well high μ-PaƩern ibiTreat, 928 

cir200, pit600, hex; catalog no. 83812). At this seeding density, most wells were empty, while 929 

a subset contained one or two cells at the start of imaging. The paƩerned wells restricted cell 930 

growth within the adhesive regions and prevented migraƟon outside the wells, thereby 931 

minimizing migraƟon-induced arƟfacts during longitudinal measurements. Weak 932 

Ňuorescence from the bioinert ibidi coaƟng upon 488 nm excitaƟon enabled repeated 933 

idenƟĮcaƟon and imaging of the same wells over Ɵme. The wells themselves showed 934 

negligible background Ňuorescence; therefore, no background subtracƟon was applied. Cells 935 

were plated and imaged aŌer 4 hrs in FluoroBrite complete DMEM using spinning-disk 936 

confocal microscopy. From day 2 onward, imaging was performed at 24 h intervals unƟl 937 



individual wells reached conŇuency. AŌer each imaging session, the medium was replaced 938 

with fresh medium, and cells were returned to 37°C to allow conƟnued growth and division. 939 

For each Ɵme point, confocal z-stacks were converted into sum-intensity projecƟons before 940 

quanƟĮcaƟon. Integrated MyD88-mNG Ňuorescence intensity was measured from individual 941 

cell regions of interest within each idenƟĮed well and used as an esƟmate of total cellular 942 

MyD88-mNG abundance. MyD88-mNG heterogeneity was quanƟĮed as the coeĸcient of 943 

variaƟon (%CV) of integrated cellular MyD88-mNG intensity: 944 

%CV = (standard deviaƟon / mean) × 100 945 

This longitudinal approach enabled repeated measurement of MyD88-mNG intensity 946 

heterogeneity in the same conĮned cell populaƟons during colony growth. 947 

Cell-cycle phase measurement using Vybrant Dyecycle Ruby  948 

Cell-cycle phase of MyD88–mNeonGreen cells was assessed using Vybrant DyeCycle Ruby 949 

stain (Invitrogen, V10309). Cells were incubated with 5 µM Vybrant DyeCycle Ruby in pre-950 

warmed medium for 10 min at 37°C protected from light and imaged live immediately aŌer 951 

staining. MyD88–mNG and Vybrant DyeCycle Ruby were detected in the green and far-red 952 

channels, respecƟvely. Nuclei were segmented using the Ruby channel, and integrated nuclear 953 

Ruby Ňuorescence intensity was used as a measure of DNA content. Cells were classiĮed into 954 

G0/G1, and G2/M phases based on the peak intensiƟes (2N and 4N DNA-content distribuƟons) 955 

respecƟvely. IdenƟcal staining, imaging, and analysis seƫngs were used across condiƟons. 956 

To assign cells to disƟnct DNA-content states, a probabilisƟc classiĮcaƟon approach was used. 957 

For each cell, the integrated nuclear DyeCycle Ruby intensity was measured as a proxy for DNA 958 

content, together with the corresponding whole-cell MyD88–mNG intensity. The distribuƟon 959 

of DyeCycle Ruby intensiƟes across all cells was ĮƩed with a sum of two Gaussian funcƟons, 960 

represenƟng two major DNA-content populaƟons. For each cell, the probability of belonging 961 

to either Gaussian populaƟon was esƟmated from the relaƟve contribuƟon of each ĮƩed 962 

Gaussian at that cell’s DyeCycle Ruby intensity. SpeciĮcally, the value of each Gaussian 963 

component at a given DyeCycle intensity was divided by the value of the total two-Gaussian 964 

Įt at the same intensity. This yielded the probability that the cell belonged to populaƟon 1 or 965 

populaƟon 2. Cells were assigned to a given DNA-content populaƟon only if the probability of 966 

belonging to that populaƟon was greater than 0.8. Cells that did not meet this probability 967 

threshold were excluded from phase-speciĮc comparison. The MyD88–mNG intensiƟes of 968 

cells assigned to each populaƟon were then used to generate and compare the corresponding 969 

MyD88 intensity distribuƟons. 970 

Measurement of phosphorylated p65 in MyD88-mNG cells using Immunochemistry 971 

Phospho-p65 immunocytochemistry was performed using the general immunocytochemistry 972 

procedure described above. During sƟmulaƟon with LPS or MPLA, Roche PhosSTOP 973 

phosphatase inhibitor cocktail was added to the sƟmulaƟon medium at 1:10 diluƟon. (the 974 



PhosSTOP stock was prepared by dissolving one tablet in 1 mL PBS). AŌer sƟmulaƟon, cells 975 

were Įxed, permeabilized, and blocked as described above. Phospho-NFκB p65 was labelled 976 

using an Alexa Fluor 647-conjugated primary anƟbody against phospho-NFκB p65 Ser536 977 

(93H1, Cell Signaling Technology), diluted 1:50 in 1% BSA. Cells were incubated with the 978 

anƟbody overnight at 4°C. The following day, samples were washed, nucleus stained with 979 

DAPI, and imaged. MyD88–mNG Ňuorescence was detected directly in the green channel, 980 

Phospho-p65 in far red, and DAPI in 405 channel.  981 

Single cell TNFα imaging 982 

Single-cell TNFα expression was measured using two complementary strategies. In the Įrst 983 

approach, MyD88–mNeonGreen cells were seeded in ibidi 8-well high imaging chambers at a 984 

density of 0.3 × 10⁶ cells per well and allowed to adhere overnight. The following day, the 985 

media was replaced with LPS or MPLA containing media supplemented with 1 µM TAPI-0 986 

(Merck, 579050), and cells were sƟmulated for 4 h at 37°C and 5% CO₂. Before sƟmulaƟon, 987 

the LPS stock soluƟon (1 mg/mL) was sonicated for 1 min. To inhibit TLR4 signaling, TAK-242 988 

(Merck, 614316) was added at a Įnal concentraƟon of 2 µM at the indicated Ɵme points. AŌer 989 

4 h of sƟmulaƟon, cells were washed with ice-cold PBS containing 1 µM TAPI-0 and Įxed with 990 

2% PFA for 20 min at 4°C. Cells were then blocked with 3% BSA supplemented with 4 µg/mL 991 

rat anƟ-mouse CD16/32 for 2 h at room temperature. TNFα was labelled by incubaƟng cells 992 

overnight at 4°C with Alexa Fluor 647-conjugated rat anƟ-mouse TNFα anƟbody (BioLegend, 993 

clone MP6-XT22, Cat. 506314) at a Įnal concentraƟon of 10 µg/mL. 994 

For the second strategy, MyD88 assembly formaƟon and intracellular TNFα accumulaƟon 995 

were measured simultaneously aŌer 4 h of sƟmulaƟon. To retain TNFα intracellularly, 996 

Brefeldin A 1000X soluƟon was used (Thermo Fisher ScienƟĮc, Cat. 00-4506-51). BrieŇy, 997 

primary BMDMs and MyD88–mNG cells were seeded in ibidi 8-well high imaging chambers at 998 

a density of 0.3 × 10⁶ cells per well and allowed to adhere overnight. Primary BMDMs were 999 

cultured according to the procedure described above. The following day, the media was 1000 

replaced with LPS-containing media. AŌer 2 h of sƟmulaƟon, Brefeldin A was added to the 1001 

media at a Įnal concentraƟon of 2 µg/mL to inhibit protein transport through the Golgi 1002 

pathway and retain newly synthesized TNFα intracellularly (in the ER). Cells were Įxed aŌer a 1003 

total sƟmulaƟon period of 4 h and permeabilized using the standard immunocytochemistry 1004 

procedure described above, including DMP and Triton X-100 treatment. MyD88 assemblies 1005 

and intracellular TNFα were then detected using the staining and imaging procedures 1006 

described above. 1007 

Measurement of A20 in MyD88-mNG cells using Immunochemistry 1008 

A20/TNFAIP3 expression was detected by immunocytochemistry following 4 h sƟmulaƟon 1009 

with LPS or MPLA. BrieŇy, MyD88–mNG cells were sƟmulated under the indicated condiƟons, 1010 

Įxed, permeabilized, and blocked using the standard immunocytochemistry procedure 1011 

described above. A20 was labelled using an A20/TNFAIP3-speciĮc rabbit monoclonal primary 1012 



anƟbody (Cell Signaling Technology, D13H3), diluted in 1% BSA (1:100), and incubated with 1013 

the cells overnight at 4°C. AŌer washing, cells were incubated with Alexa Fluor 555-conjugated 1014 

goat anƟ-rabbit IgG Fc secondary anƟbody (Abcam, ab150078) at 1:1000 diluƟon for 45 mins 1015 

at room temperature in the dark. Samples were washed and imaged using the Alexa Fluor 555 1016 

channel, while endogenous MyD88–mNeonGreen Ňuorescence was detected directly in the 1017 

green channel. 1018 

3D reconstrucƟon of cell body, MyD88 assembly, and comparaƟve esƟmaƟon of phosphor-1019 

p65 nuclear translocaƟon in MyD88 mNG cells 1020 

Three-dimensional reconstrucƟon and image analysis were performed in Imaris microscopy 1021 

image analysis soŌware (Oxford instruments) using confocal z-stack images. Cell bodies were 1022 

reconstructed using the Surfaces funcƟon from the cell surface/cell body channel and used as 1023 

masks for single-cell analysis. Nuclei were segmented from the DAPI channel using the 1024 

Surfaces module. For each DAPI-deĮned nuclear surface, the mean phospho-p65 Ňuorescence 1025 

intensity was measured within the nuclear volume and used to colour-code nuclei according 1026 

to nuclear phospho-p65 content. MyD88–mNG puncta were detected from the mNG channel 1027 

using the Spots funcƟon, with spot diameter and quality/intensity thresholds kept constant 1028 

across comparable images. Spots outside reconstructed cell surfaces were excluded, and 1029 

puncta number, puncta intensity, and puncta posiƟon were extracted on a per-cell basis. Cells 1030 

or nuclei with poor segmentaƟon, saturated signal, incomplete boundaries, or imaging 1031 

artefacts were excluded from analysis. 1032 

BulkRNAseq diīerenƟal expression analysis from ROSMAP cohort 1033 

BulkRNAseq data from the Religious Orders Study and Memory and Aging Project (ROSMAP) 1034 

dorsolateral prefrontal cortex (DLPFC) cohort were analysed using DESeq2 (v1.x). The RSEM 1035 

FPKM gene level data along with the sample level metadata were downloaded from 1036 

https://www.synapse.org/Synapse:syn3219045. Sample metadata were supplemented with 1037 

microglial morphological fraction scores (mglia3_mf, mglia123_mf) derived from published 1038 

neuropathological assessments77. Continuous covariates — age at death, post-mortem 1039 

interval (PMI), RNA integrity number (RIN), tissue amyloid burden (square-root transformed), 1040 

tissue tangle burden (square-root transformed), and microglial fraction scores — were z-score 1041 

standardised prior to modelling.  1042 

Variance-stabilising transformation (VST) was applied to the normalised count matrix (blind = 1043 

FALSE) for visualisation purposes. Differential expression was performed separately for each 1044 

dependent variable of interest: Braak stage (continuous, scaled), amyloid burden 1045 

(sqrt.amyloid) and tau burden (sqrt.tangles). For each model, the design formula included the 1046 

dependent variable of interest alongside the following covariates: RIN, sex, age at death, 1047 

APOE genotype group, and sequencing library batch. Size factors were re-estimated and 1048 

DESeq2's Wald test was applied.  1049 



Single-nucleus RNAseq Pseudobulk Analysis (Microglia) 1050 

Transcriptomic data on microglia were downloaded as a pre-processed Seurat object from 1051 

the ROSMAP DLPFC single-nucleus RNAseq dataset from 1052 

https://www.synapse.org/Synapse:syn3219045. Raw counts were aggregated per donor 1053 

(pseudobulk) by summing counts across all microglial nuclei assigned to each individual using 1054 

the individualID field. Donor-level metadata including Braak stage, diagnosis, age at death, 1055 

sex, APOE genotype, amyloid burden and tau burden were retained. A DESeqDataSet was 1056 

constructed from the pseudobulk count matrix and donor metadata. Size factors were 1057 

estimated and VST was applied for normalisation. Visualisation of gene expression was 1058 

performed on the VST-transformed pseudobulk matrix. 1059 

VisualisaƟon 1060 

For both bulk and pseudobulk datasets, VST-transformed expression values for genes of 1061 

interest were visualised as a function of Braak stage using overlaid jitter plots with mean ± 1062 

standard error of the mean (SEM) trend lines. One-way ANOVA p-values were computed per 1063 

gene across Braak stages using stat_compare_means from the ggpubr package. Continuous 1064 

pathological burden variables (amyloid, tangles and mglia123_mf) were plotted against gene 1065 

expression using LOESS smoothing curves with Pearson correlation coefficients computed via 1066 

stat_cor. A dot plot of microglial gene expression stratified by diagnosis (Control, Braak < 3; 1067 

AD, Braak ≥ 3) was generated using Seurat's DotPlot function. All plots were produced using 1068 

ggplot2. 1069 

Transcriptomic analysis of publicly available human disease datasets 1070 

DiīerenƟal gene expression was assessed across publicly available datasets (GEO accessions 1071 

GSE186507, GSE161731, and GSE154918), using analysis methods matched to each dataset's 1072 

underlying data type. For the Mount Sinai IBD cohort (GSE186507; whole-blood RNA-seq) 1073 

Crohn's disease (n = 432), and ulceraƟve coliƟs (n = 389) were each compared against healthy 1074 

controls (n = 209) using the covariate-adjusted, log2-scale expression matrix provided by the 1075 

study authors. Because these values were already conƟnuous and adjusted rather than raw 1076 

counts, diīerenƟal expression was assessed with a per-gene Welch's t-test (unequal variance, 1077 

two-sided) rather than a count-based model. For the Duke respiratory infecƟon cohort 1078 

(GSE161731; whole-blood RNA-seq), inŇuenza (n = 17) and SARS-CoV-2/COVID-19 (n = 77, 1079 

PCR-conĮrmed, disƟnct from a separate non-SARS-CoV-2 "other coronavirus" group) were 1080 

each compared against healthy controls (n = 19) using DESeq2's negaƟve binomial generalized 1081 

linear model (implemented via pydeseq2 v0.5.4), with size-factor normalizaƟon, dispersion 1082 

esƟmaƟon, and Wald tesƟng performed per DESeq2's standard workŇow. For the Schughart 1083 

sepsis cohort (GSE154918; whole-blood, pre-normalized log2 expression, n = 105), sepsis (n = 1084 

20), and sepƟc shock (n = 19) were each compared against healthy controls (Healthy, n = 40) 1085 

using limma (R/Bioconductor v3.58.1): a single linear model was Įt jointly across all four 1086 



groups (~status, healthy as reference), followed by empirical Bayes moderaƟon (eBayes) to 1087 

obtain a shared, beƩer-powered variance esƟmate across contrasts. Across all analyses, raw 1088 

p-values were adjusted for mulƟple tesƟng using the Benjamini–Hochberg procedure to 1089 

control the false discovery rate, and genes were considered signiĮcantly diīerenƟally 1090 

expressed at an adjusted p-value (padj) < 0.05 combined with a fold-change cutoī (|log2FC| 1091 

> 1, or > 0.5 for the GSE186507 comparisons). For MCI78, PD79, ALS80, and SCI81, diīerenƟal 1092 

expression values of genes (w.r.t to control) were available as extended informaƟon tables in 1093 

the respecƟve manuscripts. Cohort metadata is added in the following table.  1094 

Disease Disease Category RNA-seq material Disease 

(n) 

Control 

(n) 

Age-group 

(yrs) 

MCI Chronic neurodegenerative 

/ cognitive impairment 

PBMCs; single-cell 
CITE-seq, with 

monocyte-specific 
DE 

20 20 55.8 ± 6 

PD Chronic neurodegenerative PAXgene whole 
blood; bulk RNA-

seq 

423 196 55-65 

ALS Chronic neurodegenerative PAXgene whole 
blood; bulk RNA-

seq 

121 53 59.8 ± 10 

CD Chronic inflammatory 

bowel disease 

Whole blood; bulk 
RNA-seq 

432 209 19-76 

UC Chronic inflammatory 

bowel disease 

Whole blood; bulk 
RNA-seq 

389 209 20-82 

Influenza Acute viral respiratory 
infection 

PAXgene whole 
blood; bulk RNA-

seq 

17 19 14-51 

Acute SCI Acute sterile 
inflammation following 
traumatic CNS injury 

Peripheral white 
blood cells / 
circulating 

leukocytes; bulk 
RNA-seq 

38 10 55.3 ± 20 

Covid 19 Acute viral respiratory 
infection 

PAXgene whole 
blood; bulk RNA-

seq 

46 19 20-91 

Sepsis Acute systemic infection-
associated inflammation 

PAXgene whole 
blood; bulk RNA-

seq 

20 40 Adults ≥18 
years 

Septic 

Shock 

Acute severe systemic 
infection with 

circulatory/organ 
dysfunction 

PAXgene whole 
blood; bulk RNA-

seq 

19 40 Adults ≥18 
years 

 1095 

For each dataset, we obtained gene-level log2 fold changes and ܲ-values for the comparison 1096 

between paƟents and the corresponding control group. To incorporate both the direcƟon and 1097 

staƟsƟcal strength of diīerenƟal expression, we calculated a signed Z-score for each gene: 1098 ܼ௜ = 1)1−ߔ(௜ܥܨ2݃݋݈)݊݃݅ݏ − ௜2݌ ) 1099 



where Φ−1denotes the inverse cumulaƟve distribuƟon funcƟon of the standard normal 1100 

distribuƟon and ݌௜denotes the [raw/adjusted] two-sided ܲ-value for gene ݅. 1101 

The eīecƟve sample size for each case–control comparison was calculated as: 1102 ݊௘௙௙ =  ݊௖௔௦௘ × ݊௖௢௡௧௥௢௟݊௖௔௦௘ + ݊௖௢௡௧௥௢௟ 1103 

To scale the Z-scores to the eīecƟve sample size of the smallest cohort, we calculated: 1104 

ܼ௜−௦௖௔௟௘ௗ =  ܼ௜ × √݊௘௙௙(௦௠௔௟௟)݊௘௙௙(௜)  1105 

PrespeciĮed inŇammatory and feedback-regulatory scores were calculated as the arithmeƟc 1106 

means of the available scaled signed Z-scores. The inŇammatory genes comprised [NFKBIZ, 1107 

NFKBIA, TLR2, TLR4, TLR9, ICAM1, IL1B, and PTGS2], whereas the feedback-regulatory module 1108 

comprised [TNFAIP3, SOCS1, SOCS3 and ZC3H12A]. Notably, as seen from our in-vitro data, 1109 

NFKBIA expression did not correlate with extent of agonism, hence it was included in the 1110 

inŇammatory module as a measure of proximal NF-κB acƟvaƟon. 1111 

For each cohort, we then calculated the diīerence between the inŇammatory and feedback-1112 

regulatory scores as  1113 ܼ߂௖௢ℎ௢௥௧ = ܼ௜௡௙௟௔௠௠௔௧௢௥௬ − ௙ܼ௘௘ௗ௕௔௖௞  1114 

Where, a posiƟve value indicates weaker feedback-regulatory engagement, and a negaƟve 1115 

value indicates equal or stronger engagement of feedback-regulatory genes.  1116 

StaƟsƟcal analysis 1117 

StaƟsƟcal analyses were performed using OriginLab and GraphPad Prism. Data are presented 1118 

as mean ± SE, mean± SD, or full single-cell distribuƟons as indicated in the Įgure legends. For 1119 

comparisons between two groups, unpaired, two-tailed Student’s t test was used. For mulƟple 1120 

comparisons, Kruskal-Wallis ANOVA  was used. For comparison of single cell distribuƟons, 1121 

Kolmogorov-Smirnov (KS) nonparametric test was performed. Biological replicates refer to 1122 

independent cell culture experiments performed on diīerent days. Technical replicates refer 1123 

to repeated wells or Įelds of view within the same experiment. The number of cells, Įelds of 1124 

view, and biological replicates analyzed for each experiment are indicated in the 1125 

corresponding Įgure legends. A *p or adjusted *p value of <0.05 was considered staƟsƟcally 1126 

signiĮcant unless otherwise speciĮed.  1127 
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Figure legends 1433 

Figure 1 : Ligand idenƟty and dose tunes endogenous MyD88 assembly kineƟcs  1434 

A) SchemaƟc of CRISPR/Cas9 edited full length mouse MyD88 with C-terminal mNeonGreen 1435 

(mNG) tag.  1436 

B) SchemaƟc of TIRF imaging of membrane proximal MyD88 assemblies.  1437 

C) Dose-dependent MyD88 assembly kineƟcs with (minimum 25 cells across all concentraƟons 1438 

and ligands were analysed). Data represent mean ± SE (3 replicates).  1439 

D) Ridgeline charts of Ɵme-dependent intensity distribuƟon of MyD88 assembly. At least 25 1440 

cells were analyzed per ligand at each Ɵme point, from 2 biological and 4 technical replicates 1441 

in total.  1442 

E) RepresentaƟve TIRF image and MyD88 masks showing heterogeneous MyD88 assembly in 1443 

LPS (100 ng/ml) treated cells. Cells with higher and lower MyD88 assembly are marked as (i) 1444 

and (ii) respecƟvely, and zoomed insets are provided (scale bar 20 μm).  1445 

F) Dose-dependent distribuƟon of cells between Group A and Group B, deĮned by the 1446 

presence or absence of hexameric or larger MyD88 assemblies. StaƟsƟcs similar to kineƟcs 1447 

measurement.  1448 

G) SchemaƟc representaƟon of volumetric imaging of MyD88 assemblies.  1449 

H) RepresentaƟve max-intensity projecƟons of MyD88 assembly throughout the cell volume 1450 

(scale bar 15 μm).  1451 

I) Ridgeline charts of Ɵme dependent MyD88 assembly formed throughout the cell volume. 1452 

At least 1000 puncta were analysed per ligand at each Ɵme point (unsƟmulated with 1453 

approximately 100).  1454 

J) Group straƟĮcaƟon (group A and B) of total MyD88 assembly/cell across all three ligands. 1455 

Data represent mean ± SD across 3 biological replicates (approximately 75, 128, and 121 cells 1456 

per Ɵmepoint for LPS, MPLA, and Pam3CSK4 respecƟvely). Across all ligands and Ɵme points, 1457 

Group A and Group B cells were compared using a two-sided unpaired Student’s t test, *p < 1458 

0.05,  **p < 0.01, ***p < 0.001, NS, not signiĮcant.  1459 
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Figure 2 : Pre-exisƟng MyD88 abundance heterogeneity predicts single-cell MyD88 1468 

assembly capacity 1469 

A) SchemaƟc of single-cell FCS for freely diīusing MyD88-mNG.  1470 

B) RepresentaƟve confocal image and ĮƩed autocorrelaƟon curves from two cells used to 1471 

esƟmate absolute MyD88 concentraƟon.  1472 

C) DistribuƟon of MyD88 concentraƟon across three biological replicates (25 cells total).  1473 

D) RepresentaƟve immunoŇuorescence images of MyD88 in MyD88-mNG iBMDMs, WT 1474 

iBMDMs, and primary BMDMs. White and beige arrows indicate bright and dim cells, 1475 

respecƟvely. Scale bar 20 μm.  1476 

E) QuanƟĮcaƟon of MyD88 heterogeneity as coeĸcient of variaƟon (%). Data were collected 1477 

from 3 animals (188 cells) for primary BMDMs, 2 biological replicates (192 cells) for WT 1478 

iBMDMs, and  3 biological replicates (300 cells) for MyD88-mNG iBMDMs.  1479 

F) Micro-paƩerned imaging chambers with 200 μm diameter wells to image MyD88-mNG 1480 

colony formaƟon. Enhanced Ňuorescence proĮle of the bioinert surface enabling localizaƟon 1481 

(scale bar 50 μm).  1482 

G) RedistribuƟon of MyD88 intensity in colonies over 6 days unƟl conŇuency (scale bar 50 1483 

μm). 1484 

H) Longitudinal heatmap of MyD88-mNG intensity heterogeneity, reported as %CV, across 1485 

individual wells during colony growth. 1486 

I) Vybrant DyeCycle intensity distribuƟon idenƟfying broad cell-cycle phases, data collected 1487 

over 3 biological replicates (361 cells).  1488 

J) MyD88-mNG intensity in cells from the two peaks in (I). The two distribuƟons are not 1489 

signiĮcantly diīerent at the 0.05 level by Kolmogorov–Smirnov test.  1490 

K) CorrelaƟon between MyD88 assemblies and normalized total MyD88 intensity per cell aŌer 1491 

LPS (91 cells), MPLA (130 cells), or Pam3CSK4 (121 cells) sƟmulaƟon. Spearman’s ρ values are 1492 

shown. 1493 
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Figure 3: Strong agonism converts MyD88 abundance into producƟve large assemblies 1503 

A) SchemaƟc of MyD88 assembly. The pathways include 1: Monomer-dimer equilibrium of 1504 

TLR4-MD2 complex, 2: ligand induced dimer stabilizaƟon, 3: MyD88 recruitment to the 1505 

receptor TIR domain, 4: Recruitment of IRAK(s) to generate funcƟonal MyD88 complex. These 1506 

steps were analyzed using coarse-grained scaling that compares the dependence of small and 1507 

large MyD88 assemblies on cellular MyD88 abundance. Scaling exponents for LPS- and MPLA-1508 

induced small and large assemblies are indicated. 1509 

B)  DistribuƟon of MyD88 concentraƟon with LPS sƟmulaƟon. Dashed lines indicate the three 1510 

MyD88 bins. 1511 

C-E) Intensity distribuƟons of MyD88 assemblies within the three MyD88 bins for LPS 1512 

sƟmulaƟon. Colours indicate empirically deĮned small and large assembly classes. Assembly 1513 

intensiƟes were normalized to average intensity of unsƟmulated MyD88 assemblies. 1514 

F-G) Double-logarithmic plots showing linear Įts to extract scaling exponents of small (F) and 1515 

large (G) MyD88 assemblies under LPS sƟmulaƟon. 1516 

H) DistribuƟon of MyD88 concentraƟon with MPLA sƟmulaƟon. Dashed lines indicate the 1517 

three MyD88 bins. 1518 

I-K) Intensity distribuƟons of MyD88 assemblies within the three MyD88 bins for MPLA 1519 

sƟmulaƟon. Colours indicate small and large assembly classes. Normalized assembly 1520 

intensiƟes diīer from LPS because the measurements were acquired under separate 1521 

experimental condiƟons. 1522 

L-M) Double-logarithmic plots showing linear Įts to extract scaling exponents of small (L) and 1523 

large (M) MyD88 assemblies under MPLA sƟmulaƟon. 1524 
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Figure 4. MyD88 assembly state predicts NFκB acƟvaƟon and transcripƟonal output 1535 

A) SchemaƟc of the downstream signaling cascade, showing IKK complex acƟvaƟon, NFκB 1536 

phosphorylaƟon, IκBα degradaƟon, nuclear translocaƟon of Ser536-p65, and transcripƟonal 1537 

acƟvaƟon.  1538 

B) RepresentaƟve immunoŇuorescence images of intracellular Ser536-p65 in Įxed cells at 1539 

diīerent Ɵme points aŌer LPS sƟmulaƟon. Scale bar 15 μm.  1540 

C) QuanƟĮcaƟon of whole-cell Ser536-p65 intensity over Ɵme aŌer LPS and MPLA sƟmulaƟon. 1541 

A minimum of 35 cells for LPS and 68 cells for MPLA were analyzed per Ɵme point across 3 1542 

biological replicates. Data represent mean ± SD.  1543 

D) RepresentaƟve 3D reconstrucƟon of cell volume, nuclear volume, and MyD88 assemblies. 1544 

Colour scales indicate total Ser536-p65 intensity within the nucleus, and mean intensity of 1545 

MyD88 assemblies. Scale bar 7 μm.  1546 

E) Nuclear enrichment of Ser536-p65, expressed as the nucleus-to-cytoplasm intensity raƟo, 1547 

shown aŌer group straƟĮcaƟon. Cell numbers are the same as in (C). Data represent mean ± 1548 

SD.  1549 

F) SchemaƟc of the smFISH workŇow used to quanƟfy NFKBIA mRNA.  1550 

G) RepresentaƟve images from smFISH measurements. Scale bar 10 μm.  1551 

H) RelaƟve number of NFKBIA mRNA transcripts per cell aŌer sƟmulaƟon, measured by 1552 

smFISH. A minimum of 354 cells for LPS and 542 cells for MPLA were analyzed per Ɵme point 1553 

across 3 biological replicates. Data represent mean ± SD. 1554 
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Figure 5. MyD88 assembly state straƟĮes single-cell TNFα output 1568 

A) SchemaƟc of the Ɵme-window assay relaƟng MyD88-dependent signaling to TNFα output. 1569 

TAPI-0 was added at sƟmulaƟon to prevent TNFα shedding and retain TNFα at the membrane. 1570 

TAK-242 was added at the indicated Ɵmes to block further TLR4-driven MyD88 assembly. TNFα 1571 

was measured at 4 h in all condiƟons; therefore, TAK-242 Ɵming deĮnes the duraƟon of 1572 

allowed MyD88-dependent signaling before pathway inhibiƟon. 1573 

B) RepresentaƟve immunoŇuorescence images of membrane-anchored TNFα aŌer LPS 1574 

sƟmulaƟon in the presence of TAPI-0. Scale bar 20 μm.  1575 

C) Ring-band quanƟĮcaƟon of membrane-anchored TNFα aŌer LPS or MPLA sƟmulaƟon as a 1576 

funcƟon of TAK-242 addiƟon Ɵme. At least 48 cells were analyzed per Ɵme point from 2 1577 

biological replicates. Data represent mean ± SD.  1578 

D – E) Dual-axis plots showing the average number of MyD88 assemblies per cell (mean ± SD 1579 

from previous confocal measurements together with ΔTNFα, deĮned as mean TNFα (ݐ௡- ݐ௡−1) 1580 

for D) LPS and E) MPLA sƟmulaƟon.  1581 

F) SchemaƟc of the assay used for simultaneous detecƟon of MyD88 assemblies and 1582 

intracellular TNFα using BFA.  1583 

G) RepresentaƟve immunoŇuorescence images of anƟbody-stained MyD88 assemblies and 1584 

TNFα in MyD88-mNG iBMDMs and primary BMDMs. Scale bar 20 μm.  1585 

H) StraƟĮcaƟon of TNFα producƟon in MyD88-mNG iBMDMs into two groups. SigniĮcance 1586 

was assessed across the full distribuƟon by Kolmogorov–Smirnov test (85 cells).  1587 

I) Number of MyD88 assemblies per cell in the two groups in MyD88-mNG iBMDMs. 1588 

SigniĮcance was assessed by Student’s t test (*p < 0.05). Data represent mean of 3 biological 1589 

replicates.  1590 

J) StraƟĮcaƟon of TNFα producƟon in primary BMDMs into two groups. SigniĮcance was 1591 

assessed across the full distribuƟon by Kolmogorov–Smirnov test (193 cells).  1592 

K) Number of MyD88 assemblies per cell in the two groups in primary BMDMs. SigniĮcance 1593 

was assessed by Student’s t test (*p < 0.01). Data represent pooled technical replicates from 1594 

4 animals. 1595 
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Figure 6. Strong agonism couples MyD88-dependent acƟvaƟon to feedback engagement 1605 

A) Cytokine persistence aŌer LPS or MPLA sƟmulaƟon, expressed as the raƟo of TNFα or IL6 1606 

measured at 24 h relaƟve to 4 h. Data represent mean ± SE from 6 and 4 biological replicates 1607 

for LPS and MPLA, respecƟvely. SigniĮcance was assessed using Kruskal-Wallis ANOVA, *p < 1608 

0.05.  1609 

B) Total MyD88 assembly per cell at later Ɵme points aŌer LPS or MPLA sƟmulaƟon. Data 1610 

represent mean ± SD from 3 biological replicates, with at least 100 cells analyzed per Ɵme 1611 

point. SigniĮcance was assessed using unpaired Student’s t test, *p < 0.05.  1612 

C) SchemaƟc of full-length MyD88 (MyD88L), and exon 2-skipped isoform MyD88s lacking the 1613 

intermediate domain.  1614 

D) MyD88s/MyD88L raƟo aŌer LPS or MPLA sƟmulaƟon at the indicated Ɵmes. Data are 1615 

distribuƟons from 6 biological replicates for LPS, and 5 for MPLA. One-way ANOVA showed a 1616 

signiĮcant increase only aŌer 24 h LPS relaƟve to unsƟmulated cells (*p < 0.05).  1617 

E) Heatmaps of negaƟve regulators and cytokines/chemokines induced by LPS or MPLA at 4 1618 

h. Values represent mean from 6 biological replicates.  1619 

F) Volcano plot of diīerenƟal expression, shown as log2 fold change (LPS/MPLA). Genes 1620 

marked in blue and pink shades are staƟsƟcally signiĮcant (adjusted *p<0.05) under MPLA 1621 

and LPS sƟmulaƟon respecƟvely. RepresentaƟve cytokines and negaƟve regulators 1622 

(highlighted in green) are expressed signiĮcantly higher with LPS sƟmulaƟon.  1623 

G) RepresentaƟve A20 immunoŇuorescence images in MyD88-mNG cells with LPS sƟmulaƟon. 1624 

Scale bar 30 μm.  1625 

H) Group-wise A20 intensity in LPS-sƟmulated cells (115 cells total). SigniĮcance was tested 1626 

using unpaired Student’s t test, *p < 0.05. 1627 
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Figure 7. AD pathology is associated with NFκB-linked acƟvaƟon without proporƟonal 1640 

transcripƟonal feedback engagement 1641 

A) SchemaƟc of the ROSMAP analysis workŇow. Bulk RNAseq and single-nucleus RNAseq 1642 

datasets from dorsolateral prefrontal cortex (DLPFC) were analyzed to relate inŇammatory 1643 

and negaƟve-regulatory gene expression to Alzheimer’s disease (AD)-associated pathology, 1644 

including Braak stage, amyloid-β plaque burden, and tau tangle burden. Numbers indicate 1645 

cohort sizes straƟĮed by AD and non-disease control, and sex for bulk RNA-seq and snRNA-1646 

seq datasets. 1647 

B) Variance-stabilized expression of NFKBIA, MYD88s, TNFAIP3/A20, and SOCS3 across Braak 1648 

stages from bulk RNA-seq analysis of DLPFC Ɵssue showing. Diīerences in gene expression 1649 

across Braak-stage groups were assessed by ANOVA, with p values shown in each panel. 1650 

C) Microglia-speciĮc snRNA-seq analysis showing variance-stabilized expression of NFKBIA, 1651 

MYD88s, TNFAIP3/A20, and SOCS3 across Braak stages. Diīerences in gene expression across 1652 

Braak-stage groups were assessed by ANOVA, with p values shown in each panel. 1653 

D) Microglial expression of NFKBIA, MYD88s, TNFAIP3/A20, and SOCS3 ploƩed against square-1654 

root-transformed amyloid-β burden from snRNA-seq analysis. AssociaƟons were assessed 1655 

using Pearson’s correlaƟon, with correlaƟon coeĸcients shown as R and corresponding p 1656 

values indicated in each panel. 1657 

E) Microglial expression of the same genes ploƩed against square-root-transformed tau tangle 1658 

burden from snRNA-seq analysis. AssociaƟons were assessed using Pearson’s correlaƟon, with 1659 

correlaƟon coeĸcients shown as R and corresponding p values indicated in each panel. 1660 

F) Heat maps of population scaled Z-score values for selected set of genes in chronic 1661 

inƲammatory diseases. 1662 

G) Heat maps of population scaled Z-score values for selected set of genes in acute 1663 

inƲammatory diseases. 1664 

H) Δ Z-score values calculated as a diƯerence between the scaled average Z-values of 1665 

negative feedback and inƲammatory module. Corresponding data points are individual 1666 

diseases. SigniƱcance testing was done by one-way ANOVA (p <0.00622). 1667 
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