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ABSTRACT (<150 words) 22 

Mesenchymal stromal cells (MSCs) have broad-ranging therapeutic capabilities, 23 

however MSC use is confounded by cell-to-cell heterogeneity, and source-to-source 24 

phenotypic inconsistencies.  We utilized a systems-based approach to compare MSCs 25 

which displayed different capacity for antibacterial activity.  Although MSCs from both 26 

sources satisfied traditional MSC-defining criteria, comparative transcriptomics and 27 

quantitative membrane proteomics demonstrated two unique molecular profiles. The 28 

antibacterial MSCs respond rapidly to bacterial lipopolysaccharide (LPS) and have 29 

elevated levels of the LPS co-receptor CD14.  CRISPR-mediated overexpression of 30 

endogenous CD14 in non-antibacterial MSCs resulted in faster LPS response and 31 

enhanced antimicrobial activity.  Single-cell transcriptome profiling of CD14-activated 32 

MSCs revealed uniform enhancement of LPS response kinetics, and a shift in the ground 33 

state of these MSCs. Our results demonstrate that systems-level analysis can reveal 34 

critical molecular targets to optimize desirable properties in MSCs, and that 35 

overexpression of CD14 in these cells can shift their state to be more responsive to future 36 

bacterial challenge. 37 

  38 
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INTRODUCTION 39 

Mesenchymal stromal cells (MSCs) are a group of multipotent and phenotypically 40 

plastic cells that have enormous potential for use in diverse clinical applications 1-3.  A 41 

major roadblock inhibiting the progression of MSCs for clinical use is their extensive cell-42 

to-cell heterogeneity and phenotypic variation that constrains experimental reproducibility 43 

and behavior prediction 1,3.  MSC phenotype is strongly dependent on their origin, as cells 44 

isolated from different donors exhibit distinct immunogenic and therapeutic properties 45 

based on the health and age of the donor, making the efficacy of these cells unpredictable 46 

4-7.  Additionally, MSCs can be isolated from virtually every post-natal body site, but MSCs 47 

from these different body sites exhibit site-specific phenotypes with distinct proliferative 48 

lifespans, immunomodulatory properties, epigenetic markers, transcriptional profiles, and 49 

cell surface proteins 8-16.  Even populations of MSCs isolated from a single site of a donor 50 

are heterogenous, and clonal propagation of a single cell leads to intra-colony 51 

heterogeneity 17.  Although MSC heterogeneity has made it difficult to define and 52 

reproducibly characterize these cells, it is likely this same cellular variation that enables 53 

MSCs to exhibit such extensive phenotypic diversity.  A better understanding of the 54 

molecular mechanisms regulating specific phenotypes, and methods to homogenize and 55 

regulate MSC behavior, are crucial steps towards the utilization of MSCs in future 56 

therapeutic applications.   57 

A significant threat to global human health that requires the development of new 58 

and alternative therapies is the emergence of drug resistant microorganisms.  MSCs are 59 

intriguing candidates as countermeasures against microbial infections because they are 60 

capable of directly inhibiting microbial growth and modulating host immune responses by 61 
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regulating immune cell localization at sites of infection through secretion of pro- and anti-62 

inflammatory cytokines 18,19.  With regard to direct antimicrobial activity, MSCs have been 63 

shown to inhibit the growth of bacterial and fungal pathogens both in vitro and in vivo 19-64 

23.  These antibacterial effects of MSCs are, in part, due to the secretion of antimicrobial 65 

peptides including the cathelicidin LL-37, b-defensin 2, lipocalin-2, and hepcidin, and the 66 

administration of MSCs has been shown to promote resolution of microbial infection in 67 

animal models 20-25.  MSCs have the potential for broad-acting cell-based antimicrobial 68 

therapy, however the molecular basis for antimicrobial activity, and conditions to maintain 69 

MSC populations of uniform phenotype are not fully understood.  Therefore, strategies 70 

for generating MSC populations of predictable behavior will be required for their safe and 71 

reliable use in clinical applications. 72 

One such strategy to direct, or enhance, MSC properties is through “priming” these 73 

cells by specifically altering their environment to direct their phenotypic output towards 74 

desired therapeutic functions 1,26,27.   For example, exposure of MSCs to hypoxia and 75 

serum deprivation (a condition that mimicks in vivo administration of these cells) leads to 76 

metabolic and lipidomic reprogramming, as well as increased production of exosomes 77 

packed with immunomodulatory metabolites 28-30.  In another example, priming MSCs with 78 

cytokines can direct large-scale changes to the MSC proteome and secretome that 79 

impact inflammation and angiogenesis 31,32.  Importantly, these priming stimuli in vitro can 80 

create enduring alterations in MSC phenotypes which persist even upon transition to a 81 

new environment, including in vivo contexts; this suggests that “priming” may be an 82 

effective strategy for manipulating MSC behavior for therapeutic purposes 26,33.  Priming 83 

MSCs using Toll-like receptor (TLR) agonists are particularly notable, as stimulation of 84 
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these receptors leads to diverse phenotypic alterations to MSCs 34-38.  There are at least 85 

13 TLRs encoded by mammalian genomes, each specialized to recognize specific 86 

pathogen associated molecular patterns (PAMPs), together enabling the host to respond 87 

to presence of viral, bacterial and fungal pathogens 39.  The expression of TLRs in MSCs 88 

are origin- and context-dependent, however stimulation of these receptors can modulate 89 

diverse biological processes in these cells 34-38.  For example, stimulation of TLR3 causes 90 

MSCs to exhibit enhanced migration, upregulates immunosuppressive traits, and 91 

provides therapeutic benefits for colitis 40,41.  Additionally, systemic administration of 92 

TLR3-primed MSCs in animals with chronic bacterial infections can promote dramatic 93 

reduction in bacterial burden at sites of infection and promote wound healing 42.  94 

Interestingly, while TLR3 priming tends to drive MSCs towards an immunosuppressive 95 

state, TLR4 priming shifts MSCs into a more proinflammatory state 40.  TLR4 priming, by 96 

exposing MSCs to bacterial lipopolysaccharide (LPS), causes widespread transcriptional 97 

changes primarily regulated by NF-κB and IRF1, and leads to the upregulation of genes 98 

involved with inflammatory response and chemotaxis 43.  Interestingly, LPS-primed MSCs 99 

have also been demonstrated to have enhanced antibacterial properties due to the 100 

upregulation of antimicrobial peptides 20,21,44.  Additionally, TLR4 has been identified as a 101 

critical receptor that promotes antibacterial activity in MSCs, and knockdown of this 102 

protein reduces the ability of MSCs to inhibit E. coli growth 21.  Although TLR4 priming 103 

leads to MSCs with enhanced antibacterial activity, the underlying genetic mechanisms 104 

regulating this antibacterial state, and tools to identify and homogenize populations of 105 

antimicrobial MSCs, have yet to be examined. 106 
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MSCs are most frequently identified and defined based on the presence of MSC-107 

specific cell-surface markers; however, cells expressing equivalent markers frequently 108 

exhibit distinct phenotypes and biological properties (e.g. MSCs from different body sites) 109 

8,16,45,46.  Extensive efforts have been made to link MSC subpopulations from specific 110 

sources or with distinct phenotypes to cell surface marker profiles, often using 111 

fluorescence-activated cell sorting (FACS) to purify MSCs with specific traits 47-49.  112 

However, as mentioned above, even cells derived from a single source can contain 113 

extensive heterogeneity.  Recent advances in single-cell sequencing technologies enable 114 

higher resolution characterization of cellular subtypes and population diversity.  These 115 

techniques are particularly informative to investigate molecular signatures of MSCs 116 

exhibiting a particular trait, or molecular changes after MSCs are exposed to priming 117 

conditions.  Although at the single-cell level there exists significant cell-to-cell 118 

transcriptional heterogeneity, priming strategies have been shown to promote population-119 

homogenizing effects that unify cellular behavior in inherently heterogenous MSCs 50-53.  120 

Therapeutic application of MSCs depends on the predictability of their in vivo phenotype, 121 

which requires, in turn, effective control strategies such as priming.  New genetic 122 

engineering tools, such as CRISPR-based gene activation or repression, may enable 123 

novel approaches for optimizing control strategies.   Such optimization also requires an 124 

adequate systems biology understanding of the developmental, transcriptomic and 125 

proteomic states of heterogenous MSC populations.   126 

 In this work, MSCs from the bone marrow of two different mouse strains (C57BL/6 127 

and BALB/c) were examined for their ability to inhibit bacterial growth, with C57BL/6 128 

MSCs (C57-MSCs) showing significantly stronger antimicrobial activity compared with 129 
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BALB/c MSCs (BALB-MSCs).  Using a combination of molecular profiling strategies, we 130 

identified striking differences between these two MSC subtypes regarding their ability to 131 

sense and respond to bacteria.  Based on these analyses, we focused on the LPS co-132 

receptor CD14, which was expressed at higher levels in C57-MSCs.  Using CRISPR-133 

activation (CRISPRa) to turn on expression of CD14 in BALB-MSCs, we were able to 134 

enhance their ability to inhibit bacterial growth, even in the absence of a priming agent.  135 

We further characterized these CD14 activated MSCs at the single-cell transcriptional 136 

level and demonstrated that CD14 expression in BALB-MSCs potentiates a more rapid 137 

response to bacteria-derived LPS. Overall, we demonstrate that a systems biology 138 

approach can reveal critical targets for enhancing specific MSC phenotypes, and that 139 

CRISPR-based gene modulation is an effective strategy to engineer MSCs with potential 140 

therapeutic properties.    141 

 142 

RESULTS 143 

MSCs exhibit source-dependent antibacterial phenotypes 144 

The cells used in this study were commercially available bone marrow derived 145 

MSCs isolated from C57BL/6 or BALB/c mice and were examined for their expression of 146 

established mouse MSC surface markers and their ability to differentiate 54.  We first 147 

examined the expression levels of mouse MSC markers in C57-MSCs and BALB-MSCs 148 

and observed that both cell types exhibited similar levels of these proteins using 149 

immunostaining followed by flow cytometry (Supplementary Figure 1).  These cells were 150 

also inspected for their ability to differentiate into adipocytes and osteoblasts, and both 151 

C57-MSCs and BALB-MSCs could differentiate under adipogenic and osteogenic 152 
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inducing conditions (Supplementary Figure 2) 55.  Using these traditional metrics to 153 

define cell identity, both C57-MSCs and BALB-MSCs could be considered the same cell 154 

type.    155 

 Although these C57-MSCs and BALB-MSCs are nominally the same cell subtype, 156 

we observed them to exhibit strikingly different phenotypes when co-cultured with 157 

bacteria.  Here, we tested the ability of MSCs to limit bacterial growth by co-culturing the 158 

MSCs with E. coli K-12 MG1655 (referred to as E. coli henceforth) in vitro (Figure 1A, B).  159 

E. coli were also independently co-cultured with 3T3 cells, a mouse embryonic fibroblast 160 

(MEF)-derived cell line, to serve as a control.  After 6 hours of growth with 3T3 cells, the 161 

E. coli had grown from an initial concentration of 1 x 103 CFU/ml to a final concentration 162 

of 1.1 x 106 CFU/ml.  When E. coli were cultured with C57-MSCs, the final bacterial 163 

concentration was reduced ~3-fold as compared to 3T3s (p=0.024), indicating that the 164 

C57-MSCs were capable of inhibiting bacterial growth.  Surprisingly, the opposite result 165 

was observed when E. coli were co-cultured with BALB-MSCs, and resulted in a ~3-fold 166 

increase in bacterial CFUs when compared to 3T3s (p=0.0024), and a ~10-fold increase 167 

compared to C57-MSCs (p=8.45x10-5).  Together, these data demonstrate that while 168 

MSCs isolated from different sources share hallmark features of MSCs, their antibacterial 169 

properties are distinct, which may have important implications regarding the efficacy of 170 

MSCs as potential therapy to treat bacterial infections.   171 

Priming MSCs via exposure to bacteria, or bacteria-derived LPS, has been shown 172 

to further enhance their antibacterial properties 20,21,44.  Here, C57-MSCs and BALB-173 

MSCs were primed with the TLR agonist LPS isolated from E. coli 055:B5 and tested for 174 

their ability to inhibit bacterial growth (Figure 1A, B).  Pretreatment of control 3T3 cells 175 
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with LPS did not result in a significant change when compared to untreated 3T3 cells 176 

(p=0.25).  In contrast, C57-MSCs pre-treated with LPS further reduced E. coli CFUs ~12-177 

fold when compared to the E. coli abundance in the presence of 3T3s (p=0.024), and ~4-178 

fold reduction when compared to untreated C57-MSCs (although this reduction was not 179 

quite statistically significant, p=0.06).  When BALB-MSCs were primed with LPS, there 180 

was a slight reduction in E. coli CFUs (~1.6-fold less) when compared to untreated BALB-181 

MSCs, however this change was not statistically significant (p=0.14).  These results 182 

prompted us to investigate the molecular mechanisms contributing to the difference in 183 

C57-MSC vs BALB-MSC antibacterial activity. 184 

 185 

C57-MSCs exhibit more rapid transcriptional response to LPS stimulation than 186 

BALB-MSCs  187 

LPS exposure triggers a number of signaling pathways in mammalian cells leading 188 

to the nuclear translocation of cytoplasmic sequestered transcription factors, including the 189 

NF-κB family of transcription factors, that are key regulators of antimicrobial activity and 190 

inflammation 56-59.  We hypothesized that the absence of antibacterial activity exhibited 191 

by BALB-MSCs may be the result of an attenuated or delayed recognition of bacterial 192 

exposure when compared to the C57-MSC response.  To examine temporal responses 193 

to LPS stimulation, C57-MSCs and BALB-MSCs were treated with LPS and nuclear 194 

translocation of the NF-κB subunit p65 was assayed using immunostaining followed by 195 

quantitative high-throughput microscopy (Figure 2A).  In these assays, C57-MSCs 196 

responded to LPS stimulation with a peak nuclear p65 localization (~85% of cells 197 

analyzed) occurring at 0.5 hrs post-exposure.  In contrast with the C57-MSCs, only ~27% 198 
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of BALB-MSCs displayed nuclear p65 at the 0.5 hr timepoint (p=3x10-6).  Instead, the 199 

BALB-MSCs exhibited peak nuclear p65 staining (~90% of cells) occurring at 2 hours 200 

post-exposure, indicating that BALB-MSCs were somehow slower to transduce the LPS 201 

signal from the cell surface into the nucleus when compared to C57-MSCs.   202 

Because we observed C57-MSCs and BALB-MSCs to exhibit distinct NF-κB 203 

nuclear translocation kinetics in response to LPS, we hypothesized that rates of 204 

transcriptional change would also differ in these two cell types.  To examine patterns of 205 

gene expression following LPS exposure, population-level transcriptional profiling (RNA-206 

seq) was performed on MSCs prior to LPS exposure, and at three timepoints following 207 

LPS exposure (0.5 hrs, 2 hrs, and 18 hrs).  To visualize the relationships between MSC 208 

transcriptional profiles after LPS exposure, read-count matrices were plotted using multi-209 

dimensional scaling (Figure 2B).  This approach clearly separated the C57-MSCs from 210 

the BALB-MSCs along dimension 1 suggesting these two cell types have distinct 211 

transcriptional profiles.  Changes in transcriptional profiles that corresponded to the time 212 

following LPS exposure were apparent along dimension 2.  C57-MSCs collected at 0.5 213 

hrs or 2 hrs post-exposure formed two distinct clusters, indicating that their transcriptomes 214 

at these timepoints differed from that of resting-state C57-MSCs.  In contrast, C57-MSCs 215 

at 18 hrs post-exposure clustered very closely with their untreated counterparts, indicating 216 

that their transcriptome had returned to the resting state.  Consistent with their slower 217 

response to LPS exposure as evident from NF-κB translocation kinetics, the BALB-MSC 218 

transcriptome at 0.5 hrs post-exposure closely resembled that of untreated BALB-MSCs.  219 

By 2 hrs post-exposure, the BALB-MSC transcriptome was clearly distinct from that of 220 

untreated BALB-MSCs, clustering in a similar position as C57-MSCs along dimension 2; 221 
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and by 18 hrs post-exposure returned to the resting state (i.e., resembled the untreated 222 

BALB-MSC transcriptome).  These results indicate that after exposure to LPS, the C57-223 

MSC transcriptome is rapidly altered, whereas the BALB-MSC transcriptome shows 224 

delayed response.  225 

We next performed differential gene expression analysis to identify genes that had 226 

significant changes in expression after LPS exposure (Figure 2C).  We found that 1535 227 

genes were differentially expressed in C57-MSCs by 0.5 hrs post-exposure, with the 228 

majority (926 genes) being upregulated.  Enriched functional gene ontology (GO) 229 

categories of these upregulated genes included regulation of adaptive immune response, 230 

and cortical cytoskeleton organization.  Of particular note, the genes displaying greatest 231 

fold change included those encoding chemokines Cxcl1 and Cxcl2, the NF-κB inhibitor 232 

Nfkbia, and an RNA-binding protein involved with early LPS response (Zfp36).  These 233 

results indicate that by 0.5 hrs post-exposure, the C57-MCSs had mounted a multifaceted 234 

response including gene programs relevant for combating infection.  In contrast, only 41 235 

genes were differentially expressed in BALB-MSCs by 0.5 hrs post-exposure.  The small 236 

number of differentially expressed genes was not sufficient to support GO category 237 

enrichment analysis; however, several of the genes are implicated in early LPS response 238 

and were similarly differentially expressed in C57-MCs by 0.5 hrs post-exposure (Jun, 239 

Cxcl1, Nfkbia, Tnfaip, Zfp36, and Ier3). 240 

We further examined a subset of previously characterized early LPS response 241 

genes to better understand the timing of activation of these genes in our MSCs.  These 242 

early response genes include immediate-early genes (IEGs) that are conserved across 243 

cell types and are rapidly activated by diverse environmental stimuli 60,61.  Following IEG 244 
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activation, primary LPS response genes are activated that are more specific to this 245 

stimulus 60,62.  Consistent with the rapid activation of IEGs following LPS stimulation, both 246 

C57-MSCs and BALB-MSCs displayed robust up-regulation of the conserved IEGs Egr1, 247 

Egr2, Fos, Fosb, Jun, and Junb by 0.5 hrs post-exposure (Figure 2D, E).  However, the 248 

expression of primary LPS response genes varied with MSC source, with the majority 249 

showing peak expression at 0.5 hrs post-exposure in C57-MSCs vs 2 hrs post-exposure 250 

in BALB-MSCs.  Together, these results indicate that by 0.5 hrs post-exposure, the C57-251 

MSCs had already progressed into an LPS specific response, whereas the BALB-MSCs 252 

were only beginning to undergo changes in gene expression involved with generic 253 

stimulus exposure. 254 

 Finally, we examined upregulated genes at 18 hrs post-exposure, as this is the 255 

timepoint at which MSCs were challenged with E. coli in our antibacterial assays.  At this 256 

timepoint, both C57-MSCs and BALB-MSCs were more similar to untreated cells as 257 

compared to their transcriptional profiles at 2 hrs post-exposure.  However, there were 258 

notable genes with elevated expression that have previously been implicated in innate 259 

immune response or antibacterial activity.  In particular, C57-MSCs showed increased 260 

expression of the genes encoding chemokines Cxcl1 and Cxcl5, nitric oxide synthase 261 

Nos2, a serine protease inhibitor Serpina3, and the proinflammatory cytokine Il-6.  BALB-262 

MSCs exhibited more differentially expressed genes (541), with those upregulated (376) 263 

tending to belong to GO categories for LPS-mediated signaling and regulation of 264 

inflammatory response.  Similar to C57-MSCs, among the most upregulated genes at 18 265 

hrs post-exposure were those involved with innate immune responses or direct 266 

antibacterial activity; these included Nos2, Il-6, Cxcl1, Cxcl5, the iron-sequestering protein 267 
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lipocalin-2 (Lcn2) and complement component 3 (C3).  Thus, by 18-hrs post-LPS 268 

exposure, the overall transcriptomes of C57-MSCs and BALB-MSCs very closely 269 

resembled their unstimulated counterparts, however both cell types exhibited elevated 270 

expression of a handful of genes that are involved with recruitment of immune cells and 271 

antibacterial activity.   272 

 273 

C57-MSC vs BALB-MSC expression of genes mediating LPS recognition 274 

Because C57-MSCs responded more quickly to LPS and were capable of 275 

mounting a more robust antibacterial response than BALB-MSCs, we hypothesized that 276 

the baseline transcriptional state of C57-MSCs may be different from that of BALB-MSCs 277 

to allow them to respond more quickly to bacterial exposure.  To test this hypothesis, we 278 

used RNA-seq to examine the transcriptomes of unstimulated C57-MSCs and BALB-279 

MSCs.  We additionally performed RNA-seq on two fibroblast cell types for comparison: 280 

primary mouse embryonic fibroblasts (MEFs) and primary mouse dermal fibroblasts 281 

(MDFs) from C57BL/6 mice.  To define the relationships between cell types, 282 

transcriptional profiles were first visualized using principal component analysis (PCA) 283 

(Figure 3A).  Using this approach, the C57-MSCs and BALB-MSCs clustered separately 284 

along PC1, but both diverged similarly from the fibroblasts along PC2.  The C57-MSCs 285 

and BALB-MSCs shared 523 upregulated genes when compared to both fibroblasts 286 

(Supplementary Figure 3A).  These genes were associated with multiple GO-term 287 

categories ascribed to innate immune response and could be summarized by a single 288 

statistically significant GO-slim category “defense response” (Supplementary Figure 289 

3B).  Although we do not further characterize them in this work, these genes found to be 290 
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specifically up-regulated in MSCs could serve as additional markers for identification or 291 

isolation of MSCs.   292 

To further highlight the differences between C57-MSCs and BALB-MSCs at the 293 

transcriptional level, RNA-seq data from the two MSC types were directly compared 294 

through differential expression analysis.  We identified 662 genes that were upregulated 295 

in C57-MSCs relative to BALB-MSCs; and 1324 genes upregulated in BALB-MSCs 296 

relative to C57-MSCs.  These genes that are specifically enriched in C57- or BALB-MSCs 297 

were then used in GO-term analysis to identify over-represented biological functions 298 

(Supplementary Figure 4).  Among the enriched GO-categories in C57-MSCs was the 299 

response to LPS, which supported our functional observations that these cells respond 300 

more quickly to LPS exposure.   301 

We next identified the genes exhibiting the highest levels of differential expression 302 

between baseline C57-MSCs and BALB-MSCs to determine whether they could provide 303 

additional insight into differences in antibacterial activity.  Interestingly, among the most 304 

upregulated genes in C57-MSCs included those involved with inflammation and 305 

antibacterial responses, including Ptgs2 (Cox2), Lcn2, Nos2, Il-6, and Cd14 (Figure 3B).  306 

These genes are all known to be regulated by NF-κB or direct activators of the NF-κB 307 

pathway, which in turn is closely tied to TLR-mediated pathogen recognition 63-70.  Higher 308 

levels of secreted Il-6 protein were also observed in C57-MSCs before and after LPS-309 

treatment through cytokine profiling experiments providing some support linking RNA-seq 310 

data with protein expression levels (Supplementary Figure 5).  Among the most 311 

upregulated genes in BALB-MSCs were those involved with development and cell 312 

polarization (e.g., Gata3, Notch1, Wnt5a, Sfrp1 and Sfrp2) which corresponded with many 313 
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of the GO-term categories enriched in these cells.  Because C57-MSCs was more 314 

responsive to LPS, we hypothesized that these C57-MSCs would display higher 315 

expression levels of genes participating in TLR signaling pathways as compared to BALB-316 

MSCs.  However, using the pathway analysis tool Pathview 71 we unexpectedly observed 317 

that the majority of TLR pathway components were more highly expressed in BALB-318 

MSCs (Figure 3C).  However, a striking exception in these pathways was the elevated 319 

expression level of the LPS co-receptor CD14 in C57-MSCs.  Because we had observed 320 

C57-MSCs to respond more rapidly to LPS stimulation and expressed higher levels of 321 

CD14, we examined this gene further in subsequent sections of this work.   322 

 323 

Comparative Membrane Proteomics Between Cell Types 324 

To further investigate molecular differences between C57-MSCs and BALB-MSCs, 325 

we utilized a proteomics-based approach to characterize protein levels between these 326 

cell types using liquid chromatography- mass spectrometry (LC-MS).  We focused on 327 

membrane proteins, as these would likely mediate direct interaction with bacteria and 328 

initiate downstream signaling.  To visualize membrane protein profiles, label-free 329 

quantification (LFQ) intensities were plotted using PCA and hierarchical clustering to 330 

identify sample relatedness (Fig. 4A and 4B).  MEFs and MDFs clustered closely 331 

together, indicating that these cell types have similar membrane protein compositions 332 

compared to the MSCs.  The C57-MSCs and BALB-MSCs clustered together along PC1, 333 

away from the MEFs and MDFs; but diverged from each other along PC2.  Using 334 

differential protein expression analysis, we identified 1,003 proteins that showed 335 

significant differences in abundance between the MSC types, with 438 more abundant in 336 
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C57-MSCs, and 565 more abundant in BALB-MSCs.  We next utilized GO analysis to 337 

determine if these differentially expressed proteins could point to any specific biological 338 

functions that may provide insight into their differences in antibacterial activity 339 

(Supplementary Figure 6).  Among the most enriched GO categories in C57-MSCs 340 

included proteins involved with insulin binding and cell adhesion binding, while BALB-341 

MSCs were enriched for TAP binding and aminopeptidase activity.  We also examined 342 

the most differentially expressed membrane proteins between the two MSC types to 343 

inspect for proteins that may be associated with antibacterial phenotypic differences 344 

(Figure 4C).  Notably, among the most enriched proteins in C57-MSCs was the LPS 345 

receptor CD14, consistent with RNA-seq data presented in Figure 3.  CD14 protein 346 

expression was also observed in C57-MSCs, but not BALB-MSCs, using immunostaining 347 

followed by flow cytometry (Supplementary Figure 7).  Among the most enriched 348 

proteins in BALB-MSCs were a membrane metallo-endopeptidase (Mme, also known as 349 

neprilysin) and ephrin type-B receptor, Ephb2.  Comparing CD14 levels across all four 350 

cell types analyzed revealed that only C57-MSCs expressed high levels of CD14 protein 351 

(Figure 4D), suggesting that this protein may be critical for mounting an efficient LPS 352 

response and promoting antibacterial properties.  Together, through our functional LPS 353 

response assays, comparative transcriptomic and proteomic analyses, we hypothesized 354 

that BALB-MSCs may have attenuated antibacterial properties due to a lack of CD14.  In 355 

the remaining sections, we tested this hypothesis by upregulating endogenous CD14 356 

using CRISPR tools and examined the LPS-response and antibacterial properties of 357 

these engineered BALB-MSCs. 358 

 359 
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Overexpression of endogenous CD14 enhances antibacterial properties in non-360 

antibacterial MSCs 361 

CD14 facilitates LPS recognition by TLR4, significantly enhancing the response to 362 

LPS in mammalian cells and in mice  72,73.   In this study, we observed BALB-MSCs and 363 

C57-MSCs to exhibit distinct LPS response kinetics, and through transcriptional and 364 

proteomic profiling we found CD14 was differentially regulated between these two cell 365 

types.  We therefore hypothesized that the upregulation of CD14 could augment the 366 

attenuated antibacterial activity in BALB-MSCs.  To test this hypothesis, BALB-MSCs 367 

were engineered to overexpress endogenous Cd14, through the use of CRISPR-368 

mediated activation (CRISPRa).  Although differential expression of Tlr4 was not 369 

observed between cell types, overexpression of this gene was also examined 370 

independently here as it functions in conjunction with Cd14 and has a well-established 371 

role in propagation of LPS signaling 39,57.  First, BALB-MSC-CRISPRa were constructed 372 

using lentiviral vectors to stably express the CRISPRa Synergistic Activation Mediator 373 

(SAM) system 74.  Second, BALB-MSC-CRISPRa were tested for overexpression of target 374 

genes using six sgRNAs that localized to different distances from the Cd14 or Tlr4 375 

transcription start site (TSS).  MSCs expressing different sgRNAs were tested for protein 376 

expression levels by immunostaining followed by flow cytometry (Supplementary Figure 377 

8).  The sgRNAs that led to the most robust protein expression were used for subsequent 378 

experiments. 379 

 To test how overexpression of Cd14 in BALB-MSCs impacted their antibacterial 380 

activity, these cells were co-cultured with E. coli and bacterial growth measured using 381 

CFU assays (Figure 5A).  When E. coli was co-cultured with wildtype BALB-MSCs for 6 382 
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hours, the bacterial density reached 3.8 x 106 CFU/ml.  Similarly, when E. coli was co-383 

cultured with BALB-MSCs expressing non-targeting control sgRNAs (BALB-MSC-384 

CRISPRa-Scrambled), E. coli reached a final concentration of 3.3 x 106 CFU/ml which 385 

was not significantly different from the wildtype control (p = 0.65).  In contrast, when E. 386 

coli was grown with BALB-MSC-CRISPRa-CD14, we observed a ~45% reduction in 387 

bacterial growth compared to scrambled sgRNA control cells (p = 0.026).  Overexpression 388 

of Tlr4 in BALB-MSCs similarly trended towards reduced bacterial growth, although these 389 

results were not significant as there was a large deviation between replicates (p = 0.11) 390 

(Supplementary Figure 9A).  These results demonstrate that the upregulation of 391 

endogenous Cd14 can significantly improve antibacterial properties in MSCs, even in the 392 

absence of LPS priming.   393 

 As previously discussed, LPS stimulation triggers the translocation of NF-κB from 394 

the cytoplasm into the nucleus.  To test how overexpression of Cd14 affects the rate of 395 

NF-κB nuclear translocation, engineered BALB-MSCs were treated with LPS and nuclear 396 

translocation of the p65 NF-κB subunit was quantified at various timepoints using 397 

immunostaining and quantitative high-throughput microscopy (Figure 5B).   In this 398 

experiment, the BALB-MSC-CRISPRa-Scrambled control exhibited peak levels of 399 

nuclear NF-κB at 1-hour post-LPS exposure.  Importantly, the overexpression of Cd14 in 400 

these BALB-MSCs caused NF-κB translocation to occur more quickly, with cells exhibiting 401 

peak levels of nuclear NF-κB at 30 minutes post-exposure (p < 0.01).  Interestingly, Tlr4 402 

overexpression did not significantly affect NF-κB translocation kinetics, as these cells 403 

were not different from cells expressing a non-targeting control sgRNA (Supplementary 404 

Figure 9B).   This suggests that one mechanism by which CD14-overexpressing BALB-405 
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MSCs increased their antibacterial activity was through a more rapid response to bacterial 406 

exposure.   407 

 408 

Overexpression of CD14 in BALB-MSCs increases the rate of LPS response as 409 

measured by single-cell RNA-seq 410 

In order to more closely examine the molecular properties and kinetics of LPS 411 

response in CD14-overexpressing BALB-MSCs, we performed single-cell RNA-seq using 412 

the 10X Genomics Chromium single-cell sequencing platform. BALB-MSC-CRISPRa-413 

Scrambled and BALB-MSC-CRISPRa-CD14 were analyzed at 0 hrs, 0.5 hrs, 2 hrs and 414 

18 hrs post-LPS exposure.  Additionally, we examined C57-MSC-CRISPRa expressing a 415 

scrambled sgRNA in the absence of LPS as a control cell type for comparison.  Using this 416 

approach, we observed that these BALB-MSC-CRISPRa-CD14 displayed accelerated 417 

LPS response kinetics when compared to those cells expressing a scrambled control.  418 

These results were observed using dimensional reduction clustering approaches, UMAP 419 

and tSNE, to visualize global transcriptional profiles of individual cells (Figure 5C, 420 

Supplementary Figure 10B) 75,76.  Populations of the BALB-MSC-CRISPRa-421 

SCRAMBLED cells separated from the untreated cells 2 hrs post LPS-exposure.  These 422 

BALB-MSC-CRISPRa-SCRAMBLED cells did not exhibit a shift in transcriptional profiles 423 

at 0.5 hr post LPS-exposure as these two samples were highly overlapping using UMAP 424 

and tSNE clustering approaches.  Alternatively, a clear separation of BALB-MSC-425 

CRISPRa-CD14 cells was observed by 0.5 hrs post-LPS exposure when compared to 426 

their corresponding untreated cells, supporting the observation that these cells can 427 

respond more rapidly to LPS.  This temporal LPS response was also observed using a 428 
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heatmap depicting the expression levels of early LPS response genes (similar to that in 429 

Figure 2) by examining 200 individual cells per timepoint (Figure 5D).  From this data, we 430 

observed cells expressing the scrambled guide to have highest expression levels of the 431 

majority of these genes at 2 hrs post LPS-exposure.  Alternatively, BALB-MSCs 432 

overexpressing CD14 had elevated expression of many early LPS response genes 0.5 433 

hrs post-LPS exposure, consistent with the more rapid NF-κB translocation observed in 434 

these cells. 435 

 436 

Single cell transcriptomic profiling of CD14 overexpressing MSCs reveals a shift in 437 

ground-state and increased population homogeneity 438 

To further examine the molecular states of the various cell types and conditions, 439 

we again examined population structure using tSNE and UMAP 75,76.  While the two 440 

representations are not identical, these clustering approaches converged on a number of 441 

interesting points.  First, we observed C57-MSCs and BALB-MSCs cells distinctly 442 

clustered away from each other supporting our previous observation that these cell types 443 

have distinct molecular profiles (Supplementary Figure 10C).  Second, we observed 444 

C57-MSCs clustered more tightly together when compared to BALB-MSCs suggesting 445 

that the C57-MSCs are a more transcriptionally homogenous population.  These cell 446 

clustering approaches were supported by pairwise n-dimensional Euclidean distances 447 

between cells of the same sample, and a shared nearest neighbor approach which also 448 

demonstrated the BALB-MSC population was more transcriptionally heterogenous than 449 

C57-MSCs (Supplementary Figure 10D,E).  Third, the overexpression of CD14 in BALB-450 

MSCs homogenized their transcriptional profiles as observed by more unified clustering 451 
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and smaller pairwise n-dimensional Euclidian distance measurements (Supplementary 452 

Figure 10F,G).  Interestingly, LPS exposure decreased Euclidean distances between 453 

cells of the same sample suggesting that LPS-priming helped to homogenize 454 

transcriptional profiles in these cells.  And finally, in the absence of LPS, BALB-MSC-455 

CRISPRa-CD14 clustered away from BALB-MSC-CRISPRa-Scrambled, demonstrating 456 

that upregulation of the CD14 receptor shifts the ground state of these MSCs.  To define 457 

these differences in ground state, we examined the differentially expressed genes 458 

between BALB-MSC-CRISPRa-Scrambled and BALB-MSC-CRISPRa-CD14 cells and 459 

characterized the functions of these genes using GO-term analysis (Figure 5E).  Among 460 

the top GO-term categories enriched in BALB-MSC-CRISPRa-CD14 was “killing cells of 461 

other organisms”, which resulted from these cells having high expression of Cxcl1 and 462 

Cxcl5.  Together,  data suggests the overexpression of CD14 in BALB-MSCs shifts their 463 

ground state that is more amenable to elicit a rapid response to bacterial exposure.     464 
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DISCUSSION 465 

In this work, we investigated the ability of MSCs from different sources to inhibit 466 

bacterial growth, examined molecular variations between MSC sources, and utilized a 467 

systems level approach to identify genetic targets to improve antibacterial properties.  We 468 

demonstrate that although MSCs from different sources may share similar cell surface 469 

markers, other phenotypes of these cells are not necessarily equivalent.  This work 470 

highlights the source-dependent phenotypic variation of MSCs and demonstrates a 471 

strategy to enhance desirable therapeutic properties in these cells using CRISPR tools.  472 

Our initial observations were consistent with previous studies that demonstrated 473 

priming MSCs with bacteria or bacterial LPS could enhance antibacterial activity in these 474 

cells 20,21,44.  However, we observed that the response to LPS stimulation in C57- and 475 

BALB-MSCs exhibited differential temporal dynamics, and later found that these different 476 

LPS response rates may contribute to the difference in antibacterial activity between C57-477 

MSCs and BALB-MSCs.  Previous studies have demonstrated that mouse strain 478 

backgrounds, including C57BL/6 and BALB/c, can show dramatic differences in immune 479 

responses 77,78.  Through our RNA-seq and proteomics experiments, we identified that 480 

C57-MSCs and BALB-MSCs exhibited notable differences in the LPS signaling pathway. 481 

Of particular interest was the striking upregulation of the LPS receptor CD14 at the RNA 482 

and protein levels in C57-MSCs when compared to BALB-MSCs.  CD14 was originally 483 

identified as a marker of monocytes, and has since been shown to dramatically increase 484 

cell sensitivity to LPS 73,79,80.  CD14 is a co-receptor that binds LPS monomers and 485 

delivers them to the TLR4-MD-2 complex, initiating a signaling program that activates 486 

potent transcription factors, including NF-κB, AP-1 and IRFs, which regulate immune 487 
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responses 56,70,81.  We therefore tested whether upregulation of CD14 in BALB-MSCs 488 

could improve the rate of LPS response in these cells and enhance antibacterial activity, 489 

similar to that of C57-MSCs.  Here, we utilized CRISPRa technology (SAM system) to 490 

upregulate endogenous CD14 gene expression as an approach to stably engineer MSCs 491 

with novel functions 74.  We observed BALB-MSCs overexpressing CD14 responded 492 

more quickly to LPS stimulation (as measured by NF-κB translocation) and displayed 493 

enhance antibacterial activity (as evident in inhibition of co-cultured E. coli).  Surprisingly, 494 

we found that overexpression of TLR4 did not have the same effect.  This suggests that 495 

Cd14 may serve as a bottleneck in controlling sensitivity to LPS stimulation in MSCs, 496 

similar to what has been observed other cell types 73,79.  A recent study by Jiang et al. 497 

similarly concluded that CD14 deficiency in MSCs may be responsible for an attenuated 498 

LPS response 82.  Our work builds on the framework outlined by Jiang et al. and 499 

demonstrates that the overexpression of CD14 in MSCs accelerates LPS response 500 

through increased NF-κB nuclear translocation rate and subsequent changes in global 501 

gene expression.  LPS priming through TLR4 activation has been utilized to control 502 

diverse therapeutic properties in MSCs,  including (but not limited to) hematopoietic 503 

support 83-85, immunomodulation 40,86-88, and antibacterial activity 21,44.  A recent report by 504 

Munir et al. demonstrated that LPS-primed MSCs have enhanced therapeutic properties, 505 

as administration of these cells dramatically accelerated wound healing by reshaping the 506 

wound site through increasing recruitment and activation of neutrophils and macrophages 507 

89.  How might combining CD14 overexpression in MSCs with TLR4-stimulation impact 508 

these diverse therapeutic properties?  Subsequent studies in this field may benefit from 509 

the use of CD14 overexpression as a mechanism to reduce the amount of LPS required 510 
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for stimulation, or to amplify therapeutic effects.  The role of CD14 in MSC biology has 511 

remained elusive because this protein, by early definitions, was considered a negative 512 

marker for this cell type 46.  However, studies have since identified MSC subpopulations 513 

in mice and humans that express the CD14 protein, further strengthening the conclusion 514 

that MSCs are a heterogeneous cell population even within a single organism 82,90.   515 

The emergence of novel single-cell characterization technologies allows for a 516 

higher resolution molecular understanding of MSC subpopulations.  These tools are 517 

beginning to be used to define MSC heterogeneity, and to explore how genetic 518 

modifications and priming can impact MSC population diversity 51,52,91,92.  Strategies to 519 

limit heterogeneity and enrich homogenous populations of MSCs are critical for ensuring 520 

safe and effective MSC-based therapies.  We used 10X Genomics single-cell 521 

transcriptomics technology to determine the effect that CD14 expression and LPS priming 522 

have on MSC population heterogeneity.  Interestingly, based on two methods of 523 

dimensionality reduction (tSNE and UMAP), C57-MSCs appear more homogenous than 524 

BALB-MSCs, which may partially explain why the latter have a more attenuated LPS 525 

response.  Unexpectedly, we observed that overexpression of CD14 in BALB-MSCs not 526 

only increased the speed with which the cells responded to LPS, but also changed the 527 

transcriptional ground state of BALB-MSCs in the absence of LPS exposure.  One 528 

possible explanation is that there are trace levels of LPS present in our culture system, 529 

not enough to stimulate wildtype BALB-MSCs but sufficient to activate signal transduction 530 

programs when recognition is facilitated by overexpression of CD14.  Indeed, there is 531 

evidence that CD14 can increase sensitivity to LPS in a number of physiological contexts 532 

72,73,79,93.  Alternatively, CD14 may be recognizing a different ligand, such as Gram-533 
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positive cell wall components HSP60 or LAM, or other endogenous lipids present in 534 

culture 81,94-97.  Regardless of the stimulating ligand, the expression of CD14 on the 535 

surface of MSCs makes them more responsive to LPS treatment, likely by transitioning 536 

these cells to a primed state.   537 

Through our transcriptional profiling analyses, we observed that C57-MSCs and 538 

BALB-MSCs exhibited different expression of multiple TLRs.  A notable example is that 539 

BALB-MSCs had higher baseline expression of TLR1, TLR2, and TLR6, which can form 540 

heterodimers (TLR1/2 and TLR2/6) to sense and respond to lipoprotein.  In our LPS 541 

priming experiments, cells were treated with a standard LPS preparation (not an ultra-542 

pure form) that includes remnants of other bacterial components including lipoproteins, 543 

allowing it to co-stimulate TLR2 in addition to TLR4.  An elegant study by Kellogg et al. 544 

recently demonstrated that cells exhibit distinct NF-κB dynamics when stimulated by 545 

TLR2 vs TLR4 agonists 98.  Additionally, when cells are exposed to a mixture of TLR2 546 

and TLR4 stimulating agents, single cells do not exhibit a hybrid response and instead 547 

respond to one ligand or the other 98.  Kellogg et al. demonstrated that cells signaling 548 

through TLR4 exhibit a rapid and unified response to LPS stimulation, while cells exposed 549 

to TLR2 ligands exhibit a delayed and variable response between individual cells 98.  550 

Using NF-κB nuclear translocation assays in our study, we observed the majority of C57-551 

MSCs responded quickly to LPS treatment, which is consistent with the TLR4 signaling 552 

dynamics reported by Kellogg et al.  In contrast, when wildtype BALB-MSCs were treated 553 

with LPS they exhibited delayed and longer duration NF-κB translocation kinetics, which 554 

is more reminiscent of the TLR2 dynamics.  It is therefore possible that in response to 555 

LPS treatment or bacterial exposure, C57-MSCs respond through a TLR4 signaling 556 
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program whereas BALB-MSCs respond through TLR2 signaling.   Overexpression of 557 

CD14 in BALB-MSCs dramatically shifted their NF-κB nuclear translocation dynamics to 558 

a rapid response, similar to that of wildtype C57-MSCs.  One interpretation of this result 559 

is that high levels of CD14 in MSCs increases their sensitivity to LPS treatment and 560 

promotes signaling through TLR4 rather than TLR2.  This model is supported by the study 561 

from Sung et al. who demonstrated that TLR2 was not involved with antibacterial activity 562 

in MSCs, suggesting that TLR2-based signaling may be insufficient for direct inhibition of 563 

bacterial growth but may play a role in immunomodulation in response to infection 21.  564 

However, further experiments are needed to test this model by utilizing single-cell 565 

transcriptional profiles of CD14 expressing MSCs when exposed to TLR2 or TLR4 566 

agonists.   567 

A number of mechanisms may be at play when it comes to how MSCs limit 568 

bacterial growth.  In previous studies, MSCs have been shown to exert antimicrobial 569 

pressure through secretion of bactericidal peptides LL-37 (Camp) and b-defensin 2 570 

(Defb2) 20,21.  We did not observe the MSCs used in this study to express Camp or Defb2 571 

prior to or after LPS treatment, highlighting the extensive source-specific phenotypic 572 

variation of MSCs.  There were, however, several notable genes with differential 573 

expression between MSC types and after LPS treatment that have established roles in 574 

limiting bacterial growth.  In particular, Lipocalin-2 (Lcn2) is a bacteriostatic peptide that 575 

inhibits bacterial iron-sequestering siderophores and has previously been demonstrated 576 

to protect mice from E. coli induced pneumonia 23,99.   We observed an increase in Lcn2 577 

expression after LPS treatment in both C57-MSCs and BALB-MSCs, and C57-MSCs 578 

showed robust expression of Lcn2 prior to LPS treatment as well.  Another notable 579 
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candidate is nitric oxide synthase 2 (Nos2), which was also expressed during routine 580 

growth in C57-MSCs and was observed to increase in expression in both MSC types 581 

following LPS treatment.  Nitric oxide secretion is one mechanism by which immune cells 582 

can limit microbial growth, and MSCs can stimulate macrophages to increase NO 583 

production which enhances their bacterial-killing properties 100,101.  To our knowledge, 584 

Nos2 expression in MSCs has not previously been implicated in their antibacterial activity.  585 

Although we did not test these proteins in antibacterial assays in this work, these are 586 

examples of potential targets identified in this study that could be modulated using similar 587 

CRISPRa tools in subsequent antibacterial studies.   588 

The work outlined in this study demonstrates another example of source-589 

dependent phenotypes in MSCs.  These source-specific phenotypic variations are a 590 

challenge towards the development of MSC-based therapies.  How can we ensure that 591 

MSCs collected from different sources will exhibit the necessary therapeutic behaviors?  592 

This becomes increasingly problematic if autologous MSC transplants are used, requiring 593 

phenotypic characterization of each patient’s MSCs prior to administration.  Additionally, 594 

MSCs are inherently heterogenous, even within populations that were isolated from a 595 

single source.  How can we homogenize these cells and harness subpopulations that are 596 

enriched for desired properties? In this work we demonstrate that priming and targeted 597 

genetic modifications using CRISPR tools can drive MSCs towards specific therapeutic 598 

states.  MSCs have immense therapeutic potential, however their progression into the 599 

clinic has been stymied by our lack of understanding of these cells due to their 600 

inconsistencies and heterogeneity.  As we continue to learn how these unique cells 601 
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operate and develop methods that effectively direct their behavior, the closer we get 602 

towards safe and reliable MSC-based therapies. 603 

  604 
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MATERIALS AND METHODS 605 

Cell culture and media 606 

Bone marrow derived MSCs from C57BL/6 and BALB/c mice were purchased 607 

commercially and routinely cultured using Mouse Mesenchymal Stem Cell Media 608 

(Cyagen US Inc.).  Primary MEFs from C57BL/6 mice (Blelloch Lab, UCSF) , primary 609 

MDFs from C57BL/6 mice (ScienCell Research Laboratories, Carlsbad, CA), NIH/3T3 610 

cells (ATCC, Manassas, VA) and HEK 293T cells (ATCC) were routinely grown in high 611 

glucose, pyruvate DMEM (4.5 g/L D-glucose, 110 mg/L sodium pyruvate; GibcoTM 612 

Thermo Fisher Scientific, Waltham, Massachusetts) supplemented with 10% heat 613 

inactivated FBS (GibcoTM Thermo Fisher Scientific) and 1% penicillin-streptomycin.  All 614 

mammalian cell culture was conducted in two-dimensional monolayers on tissue culture 615 

treated plastic dishes or well-plates in a humidified incubator at 37°C with 5% CO2.  MSCs 616 

were used in experiments at a passage number ≤ 10 and subcultured when cells reached 617 

~80-90% confluence.  All LPS-priming experiments were conducted in RPMI 1640 media 618 

(GibcoTM Thermo Fisher Scientific) + 5% FBS without antibiotics using a standard 619 

preparation of LPS from E. coli 055:B5 (InvivoGen, San Diego, California) at a final 620 

concentration of 100 ng/ml.   621 

 622 

Differentiation Assays 623 

Differentiation assays were performed using adipogenic and osteogenic differentiation 624 

media as per instructions provided (Cyagen Biosciences, Inc.).  In brief, for adipogenic 625 

assays, cells were plated at 2x104 cells/cm2 in a 6-well tissue culture treated dish in MSC 626 

basal media and grown until cells reached 100% confluence.  Cells were then induced to 627 
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undergo adipogenesis by culturing cells for 3 days in MSC Adipogenic Differentiation 628 

Induction Media (Cyagen Biosciences, Inc.), followed by 1 day in MSC Adipogenic 629 

Differentiation Maintenance Media (Cyagen Biosciences, Inc.).  The process of cycling 630 

adipogenic induction and maintenance medias was repeated for a total of three times.  631 

Cells were then fixed using 4% paraformaldehyde in PBS for 30 minutes at room 632 

temperature, washed twice with PBS and stored at 4°C.  Fixed cells were then stained 633 

with an Oil Red O solution (diluted 3:2 in DI water and filtered through filter paper) for 30 634 

minutes and washed 3 times with PBS.  For osteogenic differentiation assays, 6-well cell 635 

culture dishes were first coated with 0.1% gelatin solution for 30 minutes at room 636 

temperature and then gelatin solution was removed.  Cells were seeded at 2x104 637 

cells/cm2 in MSC basal media and grown to ~70% confluence.  Cells were then put in 638 

MSC Osteogenic Differentiation Media (Cyagen Biosciences, Inc.), and this media was 639 

replaced every 3 days for a total incubation of 2 weeks.  After two weeks incubation in 640 

Osteogenic Differentiation Media, cells were fixed with 4% paraformaldehyde in PBS as 641 

described above.  Fixed cells were then stained with 1 ml Alizarin Red S working solution 642 

(Cyagen Biosciences, Inc.) for 5 minutes at room temperature, and then washed 3 times 643 

with PBS.  Oil red O and Alizarin Red S stained cells were imaged using phase contrast 644 

microscopy with an EVOS XL Core Cell Imaging System (Thermo Fisher Scientific).   645 

 646 

Immunostaining MSC surface markers and flow cytometry 647 

Cells were fixed with 4% paraformaldehyde in PBS for 15 minutes at room temperature 648 

and then washed twice with PBS.  Fixed cells were incubated in Blocking Buffer (3% BSA 649 

in PBS, filtered with 0.22 µm filter) at room temperature overnight.  For mouse MSC 650 
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surface markers, cells were stained using the Mouse Mesenchymal Marker Antibody 651 

Panel (R&D Systems).  Primary antibodies were added to cells at a concentration of 1 652 

µg/ml diluted in Blocking Buffer and incubated at room temperature for 1 hour on a rocker.  653 

Cells were then washed twice with PBS and resuspended in goat anti-rat IgG Alexa Flour 654 

647 secondary antibody (Abcam, Cambridge, United Kingdom) diluted 1:1000 in Blocking 655 

Buffer and incubated at room temperature for 30 minutes.  Cells were then washed and 656 

resuspended in PBS, and fluorescence levels of 10,000 cells were measured using a BD 657 

Accuri C6 Plus flow cytometer.  Flow cytometry data was analyzed and plotted using 658 

FlowJo v10 (BD, Franklin Lakes, NJ).   659 

    660 

Antibacterial Assays 661 

Protocols for antibacterial assays used in this study were adapted from previously 662 

described methods 20.  In brief, MSCs were trypsinized, quenched with media, and then 663 

washed twice with PBS.  Cells were then resuspended in RPMI + 5% FBS without 664 

antibiotics and cell density was quantified using a Bio-Rad TC20 automated cell counter.  665 

Cells were added to tissue-culture treated multi-well dishes at a concentration of 1.25 x 666 

105 cells / cm2 in RPMI + 5% FBS without antibiotics (+/- LPS 100 ng/ml) and incubated 667 

overnight at 37°C + 5% CO2.  E. coli strain K-12 MG1655 was grown overnight in LB liquid 668 

at 37°C while shaking at ~220 RPM.  The following day, E. coli cells were enumerated by 669 

OD600 measurement (1 OD = 4 x 108 CFU/ml).  Bacterial cells were then diluted in RPMI 670 

+ 5% FBS and added directly to mammalian cell culture wells to a final concentration of 671 

1 x 103 CFU/ml (final volume of E. coli suspension added was ~2% of total incubation 672 

volume).  Mammalian cells and E. coli were co-incubated at 37°C + 5% CO2 for 6 hours 673 
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without agitation.  After 6 hours, E. coli viability was measured by plating dilutions of 674 

bacterial cell suspensions onto LB agar and counting CFUs.  Statistical significance 675 

between groups was determined using t-test and plotted using Prism 8 software 676 

(GraphPad).  For antibacterial assays, we used the pwr.t.test function in R to calculate 677 

that given the CFU values we were obtaining to have an average power of 80% across 678 

conditions we needed n=5 per condition (some conditions have more). In addition, we 679 

used the Benjamini-Hochberg procedure which adjusted for multiple comparisons to 680 

determine that all p-values below 0.044 represent significant results. 681 

 682 

NF-κB nuclear translocation assays 683 

MSCs were plated into black-walled 96-well glass bottom tissue culture plates in RPMI 684 

media + 5% FBS at a cell density of ~60,000 cells / cm2.  Adherent cells were left 685 

untreated, or treated with LPS from E. coli 055:B5 (100 ng/ml) and collected at specific 686 

timepoints post-exposure (0.083 hr, 0.25 hr, 0.5 hr, 1 hr, 2 hrs, and 18 hrs).  Media was 687 

removed from wells and cells were fixed with 4% paraformaldehyde in PBS for 15 minutes 688 

at room temperature, and then washed twice with PBS.  The cells were then incubated in 689 

Blocking Buffer B (3% BSA, 3% normal goat serum, 0.1% Triton X-100 in PBS, filtered 690 

through 0.22 µm filter) for 1 hour at room temperature.  NF-κB p65 (L8F6) Mouse mAb 691 

antibodies (Cell Signalling Technology, Danvers, MA) diluted in blocking buffer were then 692 

added to the fixed cells and incubated for 18 hours at 4°C.  The samples were then 693 

washed 3 times with 0.1% Triton X-100 in PBS before incubation with goat anti-mouse 694 

IgG Alexa Fluor 488 secondary antibody (Abcam) for 1 hour at room temperature.  The 695 

cells were then washed once with PBS and incubated with DAPI diluted in PBS for 10 696 
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minutes, followed by two more PBS washes.  Images of the samples were acquired using 697 

the CellInsight CX7 High-Content Screening platform and analyzed using the HCS Studio 698 

Cell Analysis software (Thermo Fisher Scientific).  Background subtraction was first 699 

performed, followed by image segmentation using the DAPI channel to count the total 700 

number of cells imaged in each field of view and record the average intensity values of 701 

the p65 channel for each nucleus. A ring region of interest (ROI) surrounding the nucleus 702 

for each cell was also created to measure antibody fluorescence in the cytoplasm. NF-κB 703 

p65 nuclear translocation was identified by counting cells yielding a ratio of nuclear 704 

average intensity to cytoplasmic intensity greater than 1.  For nuclear translocation 705 

assays, we used the pwr.t.test function in R to calculate that given percent translocation 706 

values we were obtaining across time points, to have an average power of 80% across 707 

comparisons we needed n=3 per condition. In addition, we used the Benjamini-Hochberg 708 

procedure which adjusted for multiple comparisons to determine that all p-values below 709 

0.00013716 represent significant results. 710 

 711 

Cytokine profiling 712 

For cytokine analyses, ~250,000 cells were plated in 24-well tissue culture treated dishes 713 

and grown in 0.5 ml RPMI + 5% FBS and incubated at 37°C + 5% CO2 overnight.  Cells 714 

were either left untreated, or treated with LPS from E. coli 055:B5 at a concentration of 715 

100 ng/ml for ~18 hrs.  Conditioned media was collected and centrifuged briefly to remove 716 

debris.  Bead-based immunoassays were performed using LEGENDplex assays with the 717 

pre-defined Mouse Inflammation Panel and the Mouse Proinflammatory Chemokine 718 

Panel.  LEGENDplex immunoassays were performed as described by the manufacturer’s 719 
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protocols (BioLegend, San Diego, CA).  LegendPlex assays were measured using a BD 720 

Accuri C6 Plus flow cytometer, and data analyzed using LEGENDplex software 721 

(BioLegend) and Prism 8 (GraphPad Software, San Diego, CA).  722 

 723 

Population level RNA-seq and data analysis 724 

To harvest RNA from cells for RNA-seq, cells were resuspended in TRIzol reagent 725 

(InvitrogenTM, Thermo Fisher Scientific) and stored at -80°C until further processing (n = 726 

3 biological replicates per condition).  For RNA-seq of cells during standard growth, RNA 727 

was collected from cells when they reached ~80-90% confluence.  For the LPS-728 

timecourse RNA-seq experiment, cells were plated at a concentration of 125,000 729 

cells/cm2, treated with LPS (100 ng/ml) or without (samples labeled as 0 hr timepoint), 730 

and collected in TRIzol at 0.5 hr, 2 hr, and 18 hr post-exposure.  RNA was purified from 731 

TRIzol using PureLink RNA Mini Kit (InvitrogenTM, Thermo Fisher Scientific) and RNA 732 

concentration was measured with a Qubit fluorometer (Thermo Fisher Scientific).  The 733 

quality of RNA preps was determined using the RNA 6000 Nano Kit on a Bioanalyzer 734 

(Agilent Technologies, Santa Clara, CA) and all samples used in this study had RNA 735 

integrity numbers > 7.  RNA-seq libraries were generated using the KAPA HyperPrep Kit 736 

with RiboErase (HMR) and KAPA dual-indexed adapters (Roche Sequencing and Life 737 

Sciences, Wilmington, MA).  RNA-seq libraries were quantified using the High Sensitivity 738 

DNA Chip on a Bioanalyzer (Agilent Technologies, Santa Clara, CA) and KAPA library 739 

quantification kit (Roche).  RNA-seq libraries were sequenced using the Illumina NextSeq 740 

500/550 platform with the High Output v2 kit (150 cycles) on paired-end mode (Illumina 741 

Inc, San Diego, CA).  BCL files were converted to FASTQ and demultiplexed using the 742 
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bcl2fastq conversion software (Illumina, Inc.).  Quality filtering and adaptor trimming were 743 

performed using fastp 102 with following parameters: --qualified_quality_phred 25, --744 

cut_window_size 5 -3 and --cut_mean_quality 25.  Kallisto was used for alignment-free 745 

mapping with 100 bootstraps per sample to calculate transcript counts 103.  PCA was 746 

performed using the prcomp function in R, and MDS performed with edgeR 104.  747 

Differential expression analysis was performed using DeSeq2 105 with significant genes 748 

being defined with a fold change > 2 and an adjusted p-value < 0.05.  Pathway analysis 749 

was performed and visualized using Pathview 71.  GO-term analysis was performed using 750 

PANTHER 106,107 and visualizations were plotted in R.  751 

 752 

Quantitative membrane proteomics  753 

Cells were prepared using standard growth conditions as described above and processed 754 

when cell density reached ~75% - 95% confluency.  Adherent cells were washed twice 755 

with DPBS and detached from the surface of the plate using a cell scraper into centrifuge 756 

tubes.  Cells were centrifuged for 5 minutes at 300 RCF, supernatant removed, and cell 757 

pellets were flash frozen in liquid nitrogen.  Each cell type was collected in biological 758 

triplicate and sent for membrane processing, protein extraction and LC-MS/MS 759 

(performed by MS Bioworks, Ann Arbor, Michigan).  Cell pellets were processed using 760 

the Pierce MEM-PER reagent according to the manufacturers protocol. Extracted proteins 761 

were concentrated by trichloroacetic acid, and protein pellets were washed with ice cold 762 

acetone and solubilized in 8M Urea, 150mM NaCl, 50mM Tris-HCl pH8, 1X Roche 763 

Complete protease inhibitor. The protein concentration of the extract was determined by 764 

Qubit fluorometry.  25μg of protein was reduced with dithiothreitol, alkylated with 765 
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iodoacetamide and digested overnight with trypsin (Promega). The digestion was 766 

terminated with formic acid and desalted using an Empore SD solid phase extraction 767 

plate.  2μg of each peptide sample was analyzed by nano LC-MS/MS with a Waters 768 

NanoAcquity HPLC system interfaced to a ThermoFisher Q Exactive.  Peptides were 769 

loaded on a trapping column and eluted over a 75μm analytical column at 350nL/min; 770 

both columns were packed with Luna C18 resin (Phenomenex). The mass spectrometer 771 

was operated in data-dependent mode, with the Orbitrap operating at 70,000 FWHM and 772 

17,500 FWHM for MS and MS/MS respectively.  The fifteen most abundant ions were 773 

selected for MS/MS.  4hrs of instrument time was used for the analysis of each digest.  774 

Data were processed with MaxQuant version 1.6.0.13 108.  Differential protein expression 775 

analysis and clustering was performed using the DEP R package 109 to identify and 776 

characterize protein composition of cell membranes.  GO-term analysis of membrane 777 

proteins was performed using PANTHER 106.  778 

 779 

CRISPR-mediated gene activation in MSCs 780 

Gene activation by CRISPR was performed using the CRISPR/Cas9 Synergistic 781 

Activation Mediator (SAM) system 74.  C57-MSC-CRISPRa and BALB-MSC-CRISPRa 782 

were constructed through lentiviral transduction of vectors lenti-dCas9-VP64_Blast 783 

(Addgene # 61425) and lenti-MS2-P65-HSF1_Hygro (Addgene #61426).  Mouse CD14 784 

and TLR4 sgRNAs sequences were designed using the sgRNA design tool from the 785 

Zhang Lab (http://sam.genome-engineering.org/database/).  Six sgRNAs were designed 786 

per gene with different distances upstream of the transcription start site.  Primers for 787 

individual sgRNAs were annealed and cloned into the lenti-sgRNA(MS2)_zeo backbone 788 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 14, 2020. ; https://doi.org/10.1101/2020.10.14.338020doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.14.338020
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

(Addgene #61427) using the Golden Gate cloning reaction into the BsmBI site (For 789 

primers sequences see Supplementary Table 1).  sgRNA plasmids were checked for 790 

correct sequence integration using Sanger Sequencing (Genewiz Inc, South Plainfield, 791 

NJ).  Each sgRNA lentiviral construct was transfected into HEK 293T cells along with 792 

packaging vectors psPAX2 (Addgene #12260) and pCMV-VSV-G (Addgene #8454) 793 

using Lipofectamine 3000 (Thermo Fisher Scientific), and incubated for 48 hours.  HEK 794 

293T media containing lentivirus was then filtered through a 0.45 µm syringe filter, added 795 

to MSCs with polybrene (10 µg/ml), and incubated for 24 hours.  Following 24-hour 796 

transduction, the media was replaced with fresh media with appropriate antibiotic 797 

selection.  Following selection, expression levels of CD14 and TLR4 were tested in 798 

CRISPRa cells expressing different sgRNAs using immunostaining followed by flow 799 

cytometry.  Cells were live-stained using PE anti-mouse CD14 antibody or APC anti-800 

mouse TLR4 antibody (BioLegend), then fixed with 4% paraformaldehyde for 15 minutes, 801 

washed and diluted in PBS.  Stained cells were then examined using a BD 802 

FACSMelodyTM Cell Sorter (BD Biosciences) and data was analyzed using FlowJo v10.   803 

 804 

Single-cell RNA-seq sample preparation 805 

The cells used in scRNA-seq studies were C57-MSC-CRISPRa-Scrambled (expressing 806 

scrambled sgRNA-1), BALB-MSC-CRISPRa-Scrambled (expressing scrambled sgRNA-807 

1), and BALB-MSC-CRISPRa-CD14 (expressing CD14-83 sgRNA).  All cells were plated 808 

at a density of 125,000 cells/cm in 24-well plates in RPMI + 5% FBS and either treated 809 

with LPS (100 ng/ml for 0.5 hr, 2 hr, and 18 hr) or left untreated.  Cells were then 810 

trypsinized, washed with PBS, and resuspended in RPMI + 5% FBS at a final 811 
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concentration of 1x106 cells/ml.  Cell suspensions were then processed to isolate ~2,000 812 

individual cells per sample using the Chromium Single Cell 3’ Reagent Kit v3 and 10x 813 

Chromium Controller following protocols as outlined in the corresponding 10x user guide 814 

Rev. B (10x Genomics, Pleasanton, CA).  All subsequent steps (reverse transcription, 815 

cDNA amplification, and gene expression library construction) were performed as 816 

described in the 10x Chromium Single Cell 3’ Reagent Kits v3 Rev B User Guide (10x 817 

Genomics).  Final libraries were quantified using a Qubit Fluorometer with hsDNA reagent 818 

(Thermo Fisher Scientific) and run on a Bioanalyzer High Sensitivity DNA chip (Agilent 819 

Technologies).  Libraries were sequenced using an Illumina NextSeq 500/550 platform 820 

with the High Output v2.5 kit with 26x98 paired-end reads.  Sequencing output was 821 

processed using Cell Ranger software protocols (10x Genomics).   In brief, BCL files were 822 

demultiplexed and converted to fastq using Cell Ranger mkfastq.  Fastq files were 823 

processed for alignment, filtering, barcode counting, and UMI counting using the Cell 824 

Ranger “count” feature, and pooled by each GEM using the Cell Ranger aggr pipeline.   825 

 826 

Single-cell RNA-seq analysis 827 

Seurat and Monocle3 R packages were used to process, filter and normalize single-cell 828 

RNA-seq data 110-115, and figures for tSNE, U-MAP and violin plots were generated by 829 

modifying standard pipelines. Briefly, samples were adjusted for cell cycle stage and 830 

filtered as follows: number of Features above 200, and percentage RPS and RPL < 12. 831 

Samples were then log-normalized and scaled.  Data processed across two different 832 

experimental runs was normalized using COMBAT 116,117. The UMAP settings were 833 

reduction = "pca", dims = 1:10, n.neighbors = 10, n.components = 10, min.dist = 0.05, 834 
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local connectivity = 5. The tSNE settings were dims = 1:10, dims.use = 1:10, 835 

reduction.use="pca". All code provided upon request. Euclidian distance between points 836 

was calculated using 10 dimensions (for both tSNE and UMAP).  Differentially expressed 837 

genes were identified using the FindMarkers module in Seurat.  Gene ontology analysis 838 

on differentially expressed genes was performed using PANTHER 106. 839 
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FIGURES 860 

 861 

 862 

Figure 1. MSCs from different sources have distinct antibacterial properties.  (A) 863 

Cartoon depicting the antibacterial assays used in this study.  MSCs were incubated 864 

overnight with or without lipopolysaccharide (LPS) from E. coli (100 ng/ml) and were then 865 

co-cultured with E. coli strain K12 for 6 hours.  After 6 hours of co-culture, E. coli 866 

abundance in the media was quantified using colony forming unit (CFU) assays.  (B) 867 

Quantification of E. coli CFUs following 6-hour co-culture with different cell types +/- LPS 868 

treatment (n = at least 5 biological replicates per condition; *  P <0.05; ** P < 0.005; error 869 

bars = standard deviation).   870 
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 871 

Figure 2. Differential response rates to LPS between MSC sources.  (A) 872 

Quantification of NF-κB nuclear translocation assays using p65 staining and high-873 

throughput imaging (>1000 cells analyzed per replicate; n=3 biological replicates; error 874 

bars represent standard deviation).  (B) MDS plot depicting transcriptional profiles of C57-875 

MSCs and BALB-MSCs at timepoints post LPS-exposure (0 hr, 0.5 hr, 2 hr, and 18 hr).  876 

(C) Numbers of differently expressed genes at different timepoints post LPS-exposure 877 
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compared to corresponding untreated cells.  (D, E) Heatmap depicting temporal 878 

expression of immediate-early genes (green bars) and early LPS response (orange bars) 879 

in C57-MSC and BALB-MSC at timepoints post LPS-exposure (immediate-early genes 880 

and early LPS response genes were previously defined 60-62).   881 
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 882 

Figure 3. Comparative transcriptional analyses of MSC types using RNA-seq.  (A) 883 

PCA plot depicting transcriptional profiles using RNA-seq of C57-MSCs, BALB-MSCs, 884 

MEFs and MDFs under standard growth conditions.  (B) Volcano plot depicting 885 

differentially expressed genes between C57-MSCs and BALB-MSCs and highlighting 886 

notable genes of interest (blue dots represent genes with fold change > 2 and adjusted 887 
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P-value < 10-16).  (C) Pathway analysis visualization of comparative gene expression 888 

between C57-MSCs (blue) and BALB-MSCs (red) of TLR-signaling pathways.  889 
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 890 
 891 
Figure 4.  Characterization of cell membrane protein differences between cell types 892 

using quantitative proteomics.  MSCs and fibroblasts were grown in standard culture 893 

conditions and membrane proteins were analyzed using LC-MS/MS.  (A) PCA plot 894 

depicting membrane protein profiles of MSC and fibroblast cell types (n=3 biological 895 

replicates for MSCs, and n=2 biological replicates for MEF and MDF).  (B) Heatmap 896 

utilizing hierarchical clustering showing expression level differences of membrane 897 
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proteins.  (C) Volcano plot highlighting significantly differentially expressed proteins 898 

between C57-MSCs and BALB-MSCs and notable proteins of interest (blue dots 899 

represent proteins with fold change > 2 and adjusted P-value < 10-4).  (D) Protein 900 

expression levels of the LPS-receptor CD14 across the cell types examined in this study 901 

(n = 3 biological replicates, error bars = standard deviation). 902 

  903 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 14, 2020. ; https://doi.org/10.1101/2020.10.14.338020doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.14.338020
http://creativecommons.org/licenses/by-nc-nd/4.0/


 48 

 904 
 905 
Figure 5. Antibacterial and single-cell transcriptional analyses of BALB-MSCs 906 

overexpressing endogenous CD14 via CRISPRa.  (A)  E. coli CFUs from antibacterial 907 

assays using wildtype and BALB-MSC-CRISPRa cells (*, P < 0.05).  Three different 908 

sgRNAs were tested for CRISPRa cells and individual sgRNAs are represented with 909 

different shapes (For scrambled sgRNAs: circle = non-targeting_control_1, square = non-910 

targeting_control_2, triangle = non-targeting_control_3; For CD14 sgRNAs: circle = 911 

CD14-83, square = CD14-105, triangle = CD14-131).  (B) Nuclear translocation of NF-κB 912 
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during LPS exposure using p65 immunostaining and quantitative microscopy in BALB-913 

MSC-CRISPRa cells expressing a scrambled sgRNA or CD14 sgRNAs (scrambled = non-914 

targeting_control_1; n = at least 3 biological replicates per sample).  (C) UMAP plot 915 

depicting single-cell transcriptional profiles of MSCs during LPS-exposure (scrambled 916 

sgRNA = non-targeting_control_1; CD14 sgRNA = CD14-83).  Single-cell RNA-seq of 917 

BALB-MSC overexpressing CD14 during LPS-exposure was prepared using the 10x 918 

Genomics Chromium platform followed by Illumina sequencing.  (D) Heatmap of early 919 

LPS response gene expression in 100 individual BALB-MSC-CRISPRa cells expressing 920 

either scrambled control sgRNA (top) or CD14 sgRNA (bottom).  (E) GO-terms enriched 921 

in differentially expressed genes from BALB-MSC-CRISPRa-CD14 compared to BALB-922 

MSC-CRISPRa-CD14 prior to LPS-exposure.      923 
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