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Abstract

We recently characterized the Δlpp Δpla double in-frame deletion mutant of Yersinia pestis CO92 

molecularly, biologically, and immunologically. While Braun lipoprotein (Lpp) activates toll-like 

receptor-2 to initiate an inflammatory cascade, plasminogen activator (Pla) protease facilitates 

bacterial dissemination in the host. The Δlpp Δpla double mutant was highly attenuated in evoking 

bubonic and pneumonic plague, was rapidly cleared from mouse organs, and generated humoral 

and cell-mediated immune responses to provide subsequent protection to mice against a lethal 

challenge dose of wild-type (WT) CO92. Here, we further characterized the Δlpp Δpla double 

mutant in two murine macrophage cell lines as well as in primary human monocyte-derived 

macrophages to gauge its potential as a live-attenuated vaccine candidate. We first demonstrated 

that the Δpla single and the Δlpp Δpla double mutant were unable to survive efficiently in murine 

and human macrophages, unlike WT CO92. We observed that the levels of Pla and its associated 

protease activity were not affected in the Δlpp single mutant, and, likewise, deletion of the pla 
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gene from WT CO92 did not alter Lpp levels. Further, our study revealed that both Lpp and Pla 

contributed to the intracellular survival of WT CO92 via different mechanisms. Importantly, the 

ability of the Δlpp Δpla double mutant to be phagocytized by macrophages, to stimulate 

production of tumor necrosis factor-α and interleukin-6, and to activate the nitric oxide killing 

pathways of the host cells remained unaltered when compared to the WT CO92-infected 

macrophages. Finally, macrophages infected with either the WT CO92 or the Δlpp Δpla double 

mutant were equally efficient in their uptake of zymosan particles as determined by flow 

cytometric analysis. Overall, our data indicated that although the Δlpp Δpla double mutant of Y. 

pestis CO92 was highly attenuated, it retained the ability to elicit innate and subsequent acquired 

immune responses in the host similar to that of WT CO92, which are highly desirable in a live-

attenuated vaccine candidate.
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1 Introduction

Yersinia pestis is the causative agent of bubonic and pneumonic plague and is classified as a 

Tier-1 select agent by the Centers for Disease Control and Prevention (CDC) [1]. The 

number of plague cases is on the rise globally due to climate change and the migration of 

rodents infected with fleas, which harbor and disseminate the plague bacterium [2–4]. 

Consequently, the organism is classified as a re-emerging human pathogen by the World 

Health Organization [1, 4]. Studies have shown that the optimal temperature for Y. pestis 

survival within a flea vector is 23–30°C, and as the internal flea temperature increases from 

26°C, the ability for Y. pestis to cause mid gut blockage (required for bacterial transmission) 

declines and fails at 30°C due to changes in the iron-acquisition system [5]. Timely 

intervention with antibiotics is usually successful in controlling plague; however, the 

window for the treatment against pneumonic plague is narrow [4, 6]. The live-attenuated Y. 

pestis EV76 strain, deficient in the pigmentation locus (required for iron acquisition), is 

effective in combating bubonic and pneumonic plague, and, is currently used in the endemic 

regions within China and the states of the former Soviet Union [6, 7]. However, this vaccine 

strain is not approved in the United States and its use is discontinued in several other 

countries because of the reactogenicity and ability to induce a disease similar to that caused 

by the wild-type (WT) plague bacterium in immuno-compromised individuals or those with 

other underlying diseases, such as hemochromatosis [8].

The next generation plague vaccines are based on two Y. pestis components, namely 

capsular antigen F1 and a type 3 secretion system (T3SS) component, low calcium response 

V antigen (LcrV) [9, 10]. However, since F1 is dispensable for bacterial virulence and LcrV 

is not highly conserved in different strains of Y. pestis, the use of such vaccines for 

immunization may not be effective against all plague-causing strains [6]. Further, such 

subunit vaccines primarily generate a humoral immune response; however, cell-mediated 

immunity also plays a role in protection of the host against the plague bacterium [11]. 

Consequently, there is an urgent need for developing and testing alternative vaccine 
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candidates, especially those that are live attenuated and trigger both arms of the immune 

response (humoral and cellular) in the host.

Y. pestis is a facultative intracellular pathogen, and during the early stages of an infection, 

the organism invades both macrophages and neutrophils [12, 13]. While neutrophils 

typically kill Y. pestis, the organism survives, replicates, and acquires anti-phagocytic 

capabilities (e.g., by synthesizing capsule and activating T3SS) in macrophages [12, 14–16]. 

This virulence attribute of Y. pestis represents an important first step in subverting the innate 

immune response of the host, which aids in subsequent bacterial dissemination leading to 

progressive bubonic, septicemic, and pneumonic plague [17, 18].

Y. pestis hijacks macrophages from within by preventing phagosome acidification and nitric 

oxide production [19, 20]. Macrophages are one of the key players in innate immunity and 

they also are central to bridging innate and adaptive immunities against microbial infections 

[21]. During bubonic and pneumonic plague, macrophages either in the regional lymph 

nodes or the lungs are the primary targets for initial bacterial replication [15, 17], thus 

providing the microbe with a unique niche to avoid antigen presentation, and, therefore, 

delaying the development of specific immune responses in the host.

Macrophages have been classified into various subsets based on their location, surface 

markers, and function. Two populations of macrophages that reside in the lungs are 

interstitial and alveolar. Interstitial lung macrophages closely resemble monocytes and are 

more involved in immune regulation than alveolar macrophages. Further, due to their 

location, these macrophages are in direct contact with epithelial and endothelial cells and 

contribute more to the pathology than alveolar macrophages [22]. In contrast, alveolar 

macrophages have greater functional activities, such as their ability to undergo phagocytosis 

and to produce reactive oxygen species [17]. The alveolar macrophages reside in an 

environment of high lung surfactant that provides survival advantage to them due to the 

activation of pro-survival signaling molecules [23] when compared to the recruited 

macrophages (e.g., from bone marrow or those circulating in the blood), which have a 

shorter lifespan [23]. In addition, macrophages possess a variety of receptors for lineage-

determining growth factors, and, therefore, classified into two populations: M1 and M2 [24]. 

The M1 refers to classically activated macrophages that are capable of sustaining an immune 

response to pathogens through the release of pro-inflammatory factors, as well as efficient 

antigen presentation and T-cell stimulation. The M2 refers to alternatively activated 

macrophages, a very heterogeneous group of cells contributing to resolution of 

inflammation, tissue repair, extracellular matrix remodeling, and pathogen scavenging [25].

In efforts to search for a novel live-attenuated plague vaccine, we recently generated a Δlpp 

Δpla double mutant of Y. pestis CO92 [26]. Braun lipoprotein (Lpp) is an outer bacterial 

membrane component that activates toll-like receptor (TLR)-2 of the host to initiate an 

inflammatory cascade; its role in evoking bubonic and pneumonic plague has been well 

characterized in our laboratory [27]. Likewise, plasminogen activator (Pla) protease is a 

proven virulence factor of Y. pestis which facilitates bacterial dissemination during bubonic 

and pneumonic plague [26, 28]. The generated Δlpp Δpla double mutant of Y. pestis CO92 

was highly attenuated at doses of 1,000 and 10,000 (5 × 105 colony forming units [cfu]) 
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equivalent LD50s of WT CO92 with 100% survival rates when delivered by the intranasal or 

the subcutaneous route in pneumonic and bubonic plague mouse models, respectively [26]. 

The mutant bacteria were cleared from the mouse organs rapidly, but Δlpp Δpla double 

mutant still generated adequate humoral and cell-mediated immune responses to 

significantly protect animals from developing subsequent pneumonic plague caused by 

infection with WT CO92 [26].

Our recent data indicated that both Lpp and Pla contributed to the survival of Y. pestis CO92 

in murine RAW 264.7 macrophages [26]. We also showed that the role of Lpp in Y. pestis 

CO92 intracellular survival in these macrophages was linked to the decreased production of 

a heat shock protein GsrA in the microbe [29]. GsrA is a periplasmic protease required for 

bacterial adaptation to stress stimuli, and it has been implicated in the survival of Y. 

enterocolitica and E. coli within macrophages [14]. However, the contribution of Pla to 

intracellular survival of Y. pestis in macrophages represents a new paradigm; as previous 

studies from other groups have shown that Y. pestis strains lacking pPCP-1 plasmid, which 

encodes Pla, were still able to replicate inside the macrophages [30–32]. The mechanism(s) 

by which Pla contributes to Y. pestis intracellular survival is currently unknown.

Considering the curial role of macrophages during Y. pestis infection and the functional 

heterogeneity of macrophages, it is important to further evaluate interaction of the Δlpp Δpla 

double mutant of Y. pestis CO92 with different types of macrophages and gauge its potential 

as a live-attenuated vaccine candidate. Three different types of resting macrophages, namely 

murine RAW 264.7 and MH-S, and human primary macrophages derived from blood 

monocytes of healthy donors were used in this study. While the MH-S cell line represents 

resident lung macrophages, both RAW 264.7 and human primary macrophages closely 

mimic the recruited macrophages which are derived from the bloodstream monocytes [33–

35]. Consequently, due to some intrinsic differences between resident versus recruited 

macrophages [33, 34], the intracellular survival of Y. pestis mutants could differ in various 

types of macrophages and was the focus of this study.

Our study showed that the Δpla single and the Δlpp Δpla double mutant was unable to 

survive efficiently in all tested macrophages compared to WT CO92 and that both Lpp and 

Pla contributed to intracellular survival by operating through different mechanisms. 

Importantly, the Δlpp Δpla double mutant retained the ability to elicit innate and subsequent 

acquired immune responses in the host similar to that of WT CO92. This is the first detailed 

study delineating the role of Lpp and Pla, as well as their interplay, in the survival of Y. 

pestis in professional resting macrophages.

2 Results and Discussion

2.1 Survival of various mutant strains of Y. pestis CO92 in murine RAW 264.7 and MH-S 
macrophages

One of the first steps during Y. pestis infection is the phagocytosis of the pathogen by 

macrophages within which the organisms survive and replicate before being further 

disseminated to cause a progressive disease. Consequently, we examined intracellular 

survival of WT CO92 and its various mutants (Δlpp and Δpla single, and the Δlpp Δpla 
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double), as well as their respective complemented strains in murine RAW 264.7 

macrophages when infected at a multiplicity of infection (MOI) of 1. We chose this cell line 

to confirm our previous findings [26] with additional control strains to authenticate the data.

As shown in Fig. 1A, WT CO92 had an intracellular survival rate of 55% at 4 h post-

gentamicin treatment (section 4.3), and in comparison, the Δlpp and Δpla single mutants 

were below 10% survival. Complementation of the Δlpp (Δlpp Tn7-lpp [in cis]) and Δpla 

(Δpla pBR322vYpla [in trans]) (Table 1) single mutants resulted in restoration of their 

intracellular survival phenotype similar to that of WT CO92 (~50–60%) (Fig. 1A). 

Likewise, the Δlpp Δpla double mutant survived minimally in RAW 264.7 macrophages 

(less than 10%), while complementation of the double mutant with the pla gene (Δlpp Δpla 

pBR322vYpla [in trans]) exhibited 60% survival rate. These results correlated with our 

previous study in RAW 264.7 cells which also showed decreased intracellular survival of 

Δlpp and Δpla single, and the Δlpp Δpla double mutants [26]. Importantly, we have now 

shown that the decreased intracellular survival of the Δpla single and the Δlpp Δpla double 

mutant could be fully complemented in trans, confirming the role of Pla in Y. pestis 

intracellular survival. In another independent experiment, additional time points of 8 and 12 

h were examined. We noted a similar decrease in intracellular survival of both the single 

(Δlpp and Δpla) and the double mutant (Δlpp Δpla) in RAW 264.7 macrophages (Fig. 1B), 

which continued to decline further at a 24 h time point (data not shown).

Our results that the Δpla single mutant was unable to survive in RAW 264.7 macrophages 

(Fig. 1A&B) contrasted from the earlier study in which we demonstrated that WT CO92 

cured for the pPCP-1 plasmid was initially (4 to 8 h) sensitive to the macrophage 

environment but recovered and had a survived rate similar to that of WT CO92 by 24 h [36]. 

Therefore, it is tempting to speculate that other genes present on the pPCP-1 plasmid (e.g., 

pst and pim) might modulate the survival of the plasmid-cured CO92 strain in macrophages 

compared to that of the Δpla single isogenic mutant which still contained the pPCP-1 

plasmid devoid of the pla gene.

Since deletion of both the lpp and pla genes individually decreased intracellular survival of 

the mutants drastically, we were unable to discern any additive effect of the combined 

deletion of these two genes from the Δlpp Δpla double mutant (Fig. 1A&B). Supplying pla 

in trans compensated the deletion effect of lpp in terms of intracellular survival of the Δlpp 

Δpla double mutant in RAW 264.7 macrophages (Fig. 1A). This was surprising as we 

anticipated only partial restoration of the intracellular survival phenotype of the double 

mutant. To further confirm and pursue our findings, MH-S, a murine immortalized alveolar 

macrophage cell line, was tested, as lungs are the primary target during pneumonic plague 

infection.

The MH-S cells were infected at an MOI of 1 with WT CO92, its various mutants, and the 

complemented strains (Fig. 1C). As noted, 4 h post-gentamicin treatment (section 4.3), WT 

CO92 not only survived but also proliferated in these cells, as the percent survival exceeded 

100%. In comparison, the survival rates of the Δlpp and Δpla single mutants were 30 and 

45%, respectively. We could fully complement the Δlpp and Δpla single mutants in terms of 

their intracellular survival phenotype with the corresponding genes (Fig. 1C). Importantly, 
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the Δlpp Δpla double mutant survived minimally (less than 20%) in MH-S cells and 

exhibited an additive decrease in its ability to survive intracellularly when compared to the 

Δlpp and Δpla single mutants (Fig. 1C). a phenomenon either not observed (Fig. 1A) or 

barely noted in RAW 264.7 macrophages (Fig. 1B). Interestingly, complementation of the 

double mutant with the pla gene restored the intracellular survival phenotype comparable to 

that of WT CO92 in MH-S macrophages (Fig. 1C), as also noted in the RAW 264.7 cells.

As alluded to earlier, the role of Lpp in Y. pestis intracellular survival was linked to the 

decreased production of a heat shock protein GsrA within the microbe [29]. Since the 

decreased intracellular survivability of the Δlpp Δpla double mutant in both RAW 264.7 and 

MH-S cells was fully complemented with the pla gene when supplied in trans (Fig. 1A&C), 

these findings suggested that Lpp and Pla might have had a similar mechanism of action, 

i.e., decreasing the production of GsrA, and thus production of Pla could compensate the 

effect of Lpp in the Δlpp Δpla double mutant (Fig. 1A&C). Alternatively, there might be 

interplay between Pla and Lpp as the deletion of one gene could possibly affect the 

expression of the other gene, eventually leading to an alteration in the level of GsrA.

2.2 Crosstalk between Lpp and Pla, and the role of GsrA in modulating Y. pestis CO92 
survival in macrophages

To further dissect the mechanism of Pla in Y. pestis intracellular survival and to test the 

possibility whether deletion of the pla or the lpp gene from WT CO92 would affect 

expression and production of these membrane proteins, we performed Western blot analysis 

and the Pla activity assay. As noted from Fig. 2A, while WT CO92 and the Δpla single 

mutant had similar levels of Lpp, no Lpp production was noted in the Δlpp single or the 

Δlpp Δpla double mutant. Likewise, similar levels of Pla were noted in the Δlpp single 

mutant when compared to its level in the WT CO92 (Fig. 2B&C, insets). However, Pla was 

absent from the Δpla single and the Δlpp Δpla double mutants. The production of Pla was 

restored in the above-mentioned Δlpp Δpla double mutant after complementation with the 

pla gene in trans (Fig. 2B&C, insets).

It has been reported that lipooligosaccharide (LOS) present on the bacterial surface can 

affect the conformation of Pla, with the more biologically active form of Pla being displayed 

on the bacterial surface at 37°C [37]. Since both Lpp and Pla are also bacterial outer 

membrane components, we measured protease activity associated with Pla to ensure that the 

enzymatic activity of this protein remained unaffected by deletion of the lpp gene from WT 

CO92 by using a fluorometric assay and a hexapeptide substrate [38]. The Pla protease assay 

was performed at two different bacterial concentrations and temperatures to measure the 

kinetics of substrate cleavage. The use of two growth temperatures allowed us to measure 

Pla protease activity at both flea (28°C) and human body temperatures (37°C).

Further, as mentioned earlier, the bacterial surface structure changes at different 

temperatures. For examples, the F1 capsular antigen is primarily synthesized at 37°C, the 

lipid A of Y. pestis LOS shifts from a hexa-acylated form to a tetra-acylated form when the 

temperature shifts from 21–27°C to 37°C [39]. In addition, the production of Attachment 

Invasion Locus (Ail), another bacterial outer membrane component, is up regulated at 37°C 
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[40]. These surface alterations could affect the conformation of Pla and its associated 

enzymatic activity and was tested.

As noted in Fig. 2B, when various bacterial strains were grown at 28°C and adjusted to an 

OD600 of 0.1 (2.5 × 106 colony forming units [cfu] in 50 μl reaction per well) (I) or 0.5 (1.25 

× 107 cfu in 50 μl reaction per well) (II) (section 4.6), WT CO92 and its Δlpp single mutant 

had essentially similar kinetics of Pla substrate cleavage. The Δpla single and the Δlpp Δpla 

double mutant in comparison showed minimal background activity. Complete restoration of 

Pla protease activity was noted when the Δlpp Δpla double mutant was complemented with 

the pla gene in trans and was comparable to that of WT CO92 and its Δlpp single mutant, 

with essentially similar Pla substrate cleavage kinetic curves over time (Fig. 2B-I&II).

When the bacteria were grown at 37°C (Fig. 2C), a similar kinetics of substrate cleavage by 

Pla was noted at both ODs of 0.1 (I) and 0.5 (II) for WT CO92, its single mutants Δlpp and 

Δpla, as well as the Δlpp Δpla double mutant as was also observed at 28°C (Fig. 2B-I&II). 

However, only partial restoration of Pla protease activity was seen when the Δlpp Δpla 

double mutant (OD of 0.1) was complemented with the pla gene in trans, although it was 

still significantly higher when compared to the Δpla single and the Δlpp Δpla double mutant 

(Fig. 2C-I).

The kinetics of substrate cleavage by Pla was also slower initially for the Δlpp Δpla double 

mutant complemented strain at an OD600 of 0.5 (Fig. 2C-II); however, it exhibited a kinetic 

curve similar to that of WT CO92 and its Δlpp mutant over a period of 2 h, indicating that 

Pla protease activity almost reached saturation at an OD600 of 0.5 (Fig. 2C-II). These data 

suggested that a temperature shift did not significantly impact Pla protease activity in these 

strains. However, misfolding of Pla could most likely account for the relatively lower Pla 

protease activity observed for the Δlpp Δpla double mutant complemented strain at 37°C 

(Fig. 2C).

These data were further validated as the level of Pla production in this complemented strain 

was similar to that of WT CO92 based on Western blot analysis both at ODs of 0.1 and 0.5 

(Fig. 2C-I&II-insets) as both the pPCP-1 (harboring the pla gene) and pBR322v are low-

medium copy number plasmids [41]. The autoproteolysis of Pla is responsible for the 

appearance of two bands during the Pla Western blot analysis; however, it is not known 

whether autoprocessed or unprocessed Pla forms are equally active. Clearly, there did not 

seem to have a direct interaction between Pla and Lpp in terms of their production levels and 

Pla protease activity (Fig. 2).

The data presented above were intriguing as supplying the pla gene in trans only partially 

restored Δlpp Δpla double mutant’s protease activity at 37°C (Fig. 2C), but it could fully 

restore the intracellular survival of the Δlpp Δpla double mutant in RAW 264.7 and MH-S 

macrophages (Fig. 1A&C). This question led us to the second part of our hypothesis that Pla 

might have a different mechanism than Lpp (not through GsrA) in terms of bacterial 

intracellular survival. To address this, we complemented Δlpp and Δpla single, and the Δlpp 

Δpla double mutant with the grsA gene using the pBR322v vector system. Our results for 

the Δlpp single mutant correlated with our earlier study [42] showing complete restoration of 
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mutant’s ability to grow within MH-S macrophages when the Δlpp single mutant was 

complemented with the gsrA gene (Fig. 3). However, when the Δpla single mutant was 

complemented with the gsrA gene, there was no restoration of intracellular survival. 

Importantly, GsrA could only partially restore the intracellular survival of the Δlpp Δpla 

double mutant, suggesting that GsrA complemented the effect of Lpp deletion but not that of 

Pla (Fig. 3).

We noted only a marginal and statistically insignificant increase in intracellular survival of 

WT CO92 when the gsrA gene was expressed from the plasmid pBR322v (data not shown). 

However, a substantial increase in the intracellular survival of the Δlpp mutant was observed 

when complemented with the gsrA gene (Fig. 3), clearing indicating Lpp operating through 

GsrA in modulating bacterial intracellular survival. Further, our published microarray data 

indicated that deletion of the lpp gene decreased transcript level of the gsrA gene [42]. These 

data confirmed that Lpp and Pla operated through separate mechanisms to control 

intracellular survival of Y. pestis CO92. However, it was still not clear why Pla could 

compensate the effect caused by Lpp deletion on the intracellular survival in macrophages of 

the Δlpp Δpla double mutant of Y. pestis CO92 (Fig. 1A&C).

Bacterial heat shock proteins, collectively termed as stress proteins, play an important role in 

allowing organisms to successfully adapt to the hostile environment of the host phagosome 

[14, 43]. HtrA, also known as DegP [44] or GsrA, has serine protease activity [45]. GsrA 

degrades abnormal peptides generated after exposure of bacteria to stress before they 

accumulate to toxic levels in the periplasmic space [45]. The production of GsrA is 

controlled by the sigma factor E (σE), a global stress response regulator, and the activity of 

σE is induced by either overproduction or misfolding of outer membrane proteins (OMPs), 

leading to the increased production of GsrA in E. coli and Y. enterocolitica [43, 46]. 

Therefore, it is possible that the misfolded Pla in the complemented Δlpp Δpla double 

mutant of Y. pestis CO92 (Fig. 2C) with low Pla protease activity could possibly activate the 

expression of the gsrA gene through σE to exhibit full complementation of the intracellular 

survival defect (Fig. 1A&C).

In addition to GsrA, other heat shock proteins such as DnaK, GroEL, and GroES are 

essential for bacterial growth and viability at all temperatures in bacteria [47, 48]. It has also 

been shown that DnaK and GroEL bind to unfolded polypeptides and function as “molecular 

chaperones” in cells [49]. Although the role of Pla in Y. pestis intracellular survival is not 

through GsrA; however, as an OMP, it is still possible that deletion of the pla gene would 

lead to decreased production of other stress response proteins, and our future studies will 

investigate this possibility.

2.3 Survival of WT Y. pestis CO92 and its Δlpp Δpla double mutant in human monocyte-
derived macrophages (HMDMs)

To be a vaccine candidate, it was crucial to evaluate the Δlpp Δpla double mutant of Y. 

pestis CO92 in primary human macrophages from healthy individuals (section 4.2). As 

shown in Fig. 4A, the WT CO92 exhibited survival rates of 100% and 50% at 1 and 2 h, 

respectively, post-gentamicin treatment (section 4.4), the double mutant survival rates were 

80% and 25%, respectively, at the designated times. We focused on the Δlpp Δpla double 
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mutant in HMDMs, as we had earlier shown its potential as a viable plague vaccine 

candidate [26].

In addition to cfu determination, the HMDMs infected with either the WT CO92 or the Δlpp 

Δpla double mutant (1 h post gentamicin treatment), were stained for visualization of 

bacteria by confocal microscopy (Fig. 4B). We chose to use antibodies specific to the F1 

antigen to detect Y. pestis as we had previously shown that the production of F1 in the Δlpp 

Δpla double mutant was not altered compared to the WT CO92 [26]. Following the addition 

of fluorescently labeled secondary antibodies, we detected much reduced level of the Δlpp 

Δpla double mutant (green) in infected macrophages when compared to WT CO92, thereby 

corroborating our in vitro results that the Δlpp Δpla double mutant was unable to survive as 

effectively as WT CO92 in macrophages (Fig. 1A–C and 4A).

The inability of the Δlpp Δpla double mutant to survive within different macrophages (i.e., 

RAW 264.7, MH-S, and HMDMs) correlated with the mutant’s inability to disseminate to 

the peripheral organs of mice during initial 2–8 days post infection in both bubonic and 

pneumonic plague models [26]. Interestingly, WT Y. pestis and its various mutant strains 

survived and replicated to higher numbers in the murine alveolar macrophages (MH-S) 

compared to RAW 264.7 and HMDMs, indicating intrinsic differences between resident 

versus recruited macrophages and signifies the role of alveolar macrophages during 

pneumonic plague. Previous studies showed that the dissemination of Pla-deficient Y. pestis 

was more severely affected in bubonic plague mouse model than in the pneumonic plague 

model [26, 28, 50]. Consequently, better survival and replication of the plague bacilli in 

alveolar macrophages might contribute to this phenomenon in addition to the highly 

vascularized nature of the lungs [28].

The role of Pla in promoting bacterial dissemination during bubonic and pneumonic plague 

had been previously attributed to its fibrinolytic activity [28, 51]. However, considering the 

crucial role of macrophages in disseminating Y. pestis in vivo [2, 28], the role of Pla in 

aiding bacterial intracellular survival may also contribute significantly to this feature.

2.4 Cytokine secretion levels are comparable in different types of macrophages when 
infected with WT Y. pestis CO92 and its Δlpp Δpla double mutant

Three different types of macrophages were used to analyze whether their infection with WT 

CO92 or the Δlpp Δpla double mutant elicited similar levels of cytokines production. 

Supernatants from the infected macrophages were harvested immediately after an hour of 

gentamicin treatment (100–105 min post infection) and analyzed by 6-Bioplex from Bio-

Rad (section 4.7). It should be mentioned that after initial infection of macrophages with the 

bacteria, the host cells were washed before gentamicin treatment to remove any cytokines 

that were formed by the interaction of macrophages with the extracellular bacteria. As 

shown in Fig. 5A, interleukin (IL)-6 and tumor necrosis factor (TNF)-α were the only two 

cytokines among the six analyzed, which were detected at the highest concentrations across 

the three macrophage types used. Importantly, similar levels of these cytokines were 

detected irrespective of whether the macrophages were infected with the WT CO92 or the 

Δlpp Δpla double mutant. These data indicated that despite rapid clearance of the Δlpp Δpla 

double mutant from macrophages, the innate immune effector cells were still responding to 
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activation evoked by this highly attenuated strain. These observations complemented our 

detailed T-cell responses in terms of cytokine production by the WT CO92 and its double 

mutant (Δlpp Δpla), which were recently published (24). We also measured IL-1β, IL-10, 

IFN-γ and IL-17 which were detected at low levels both in WT CO92 and Δlpp Δpla double 

mutant-infected macrophages (data not shown).

IL-6 is a notable pro-inflammatory cytokine secreted by various cell types, including the 

activated macrophages [52]. It has been shown that recombinant plant-derived Y. pestis F1, 

LcrV (also termed V) and F1-V, the key components of the next generation plague subunit 

vaccine, are TLR-2 agonists, and, importantly, they significantly increase IL-6 production in 

human monocytes [20]. In addition, IL-6 switches the differentiation of monocytes from 

dendritic cells to macrophages, and, therefore, is essential in molecularly controlling antigen 

presentation and cell development [53]. IL-6 has also been reported to enhance polarization 

of alternatively activated macrophages, and, thus would promote resolution of inflammation 

and wound healing [24].

On the other hand, TNF-α is one of the most important pro-inflammatory cytokines which 

limits severity of bacterial infection [20]. Interestingly, both IL-6 and TNF-α could act 

synergistically in prolonging plasma cell survival, leading to better antibody responses [54], 

which correlates with our previously published data indicating a robust humoral immune 

response generated by the Δlpp Δpla double mutant in mice [26]. Thus, it is clear that both 

IL-6 and TNF-α play an important role in the host against Y. pestis infections, and the ability 

of Δlpp Δpla double mutant in eliciting high levels of these cytokines signifies the mutant’s 

potential as a vaccine candidate.

2.5 Nitric oxide production is similar when macrophages are stimulated with WT Y. pestis 
CO92 or the Δlpp Δpla double mutant

Nitric oxide (NO) production is an essential bacterial killing mechanism employed by the 

professional macrophages and neutrophils, the two major primary cells of the host innate 

immune system. NO is produced by the inducible NO synthase (iNOS), which catalyzes the 

oxidation of L-arginine into NO and L-citrulline. NO has been shown to be important for 

killing or controlling the proliferation of many intracellular pathogens, such as Leishmania 

major [55], Toxoplasma gondii [56], and Mycobacterium tuberculosis [57] and the 

facultatively intracellular Y. pestis [32].

The Griess assay was used (section 4.8) to determine if the inability of the Δlpp Δpla double 

mutant to survive within macrophages was due to its increased killing by NO. In this assay, 

nitrite was the readout as opposed to NO, which is an unstable free radical. As shown in Fig. 

5B, MH-S macrophages stimulated by infection with either the WT CO92 or its Δlpp Δpla 

double mutant produced 10 times higher levels of nitrite compared to RAW 264.7 and 

HMDMs. Surprisingly, all three types of macrophages (RAW 264.7, MH-S, and HMDMs) 

infected with either the WT CO92 or the Δlpp Δpla double mutant produced similar levels of 

nitrite in the supernatants after 12 h of infection (Fig. 5B).

In contrast, an earlier study indicated that the pigmentation (pgm) locus deletion mutant 

strain of Y. pestis stimulated robust production of NO, and, hence, was unable to survive 
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within macrophages that were activated with interferon-γ post infection [32]. This study 

further showed that the ripA gene encoded on the pgm locus was responsible allowing Y. 

pestis to combat NO killing [32]. However, the Δlpp Δpla double mutant we used had an 

intact pgm locus and we also did not activate the macrophages during infection. Since the 

Δlpp Δpla double mutant was cleared from macrophages quickly (Fig. 1&4) but it still 

induced similar levels of nitrite as the WT CO92, these data suggested that other 

mechanisms operating in macrophages might play a major role in Δlpp Δpla double mutant’s 

clearance. Our future studies would delineate how resting macrophages (resident versus 

recruited) would differ from IFN-γ activated ones in terms of clearing WT CO92 and its 

Δlpp Δpla double mutant.

2.6 Zymosan particle uptake is increased in the WT Y. pestis CO92 and the Δlpp Δpla 
double mutant-infected macrophages versus uninfected cells

Zymosan (synthetic particle) uptake was examined (section 4.9) to delineate whether 

phagocytic ability of macrophages was altered after infection with either WT CO92 or the 

Δlpp Δpla double mutant. HMDMs in general had the lowest uptake of the zymosan beads 

even when the cells were uninfected, however, only approximately 8–9% of the 

macrophages were positive for zymosan uptake after infection with Y. pestis (Fig. 5C). In 

comparison, MH-S and RAW 264.7 murine macrophages both exhibited greater zymosan 

bead uptake (25 to 60%), and this difference was most likely related to the source of 

macrophages: human versus murine. A similar uptake rate of zymosan beads (~23.6%) was 

reported for the murine peritoneal macrophages [58].

As expected, all three types of macrophages exhibited increase uptake of beads after 

infection compared to the uninfected ones. However, the uptake of zymosan particles was 

statistically significant only for the RAW 264.7 cells when comparing infected versus non-

infected controls (p<0.01). Most importantly, there was essentially no difference in zymosan 

bead uptake across all three types of macrophages when they were infected with either the 

WT CO92 or its Δlpp Δpla double mutant (Fig. 5C). We could recover similar numbers of 

WT CO92 and the Δlpp Δpla double mutant bacteria from these infected macrophages after 

the initial gentamicin treatment (data not shown), indicating that the T3SS was not altered in 

the Δlpp Δpla double mutant, which was in agreement with our previous report [26].

3 Conclusion and Future Directions

The Δlpp Δpla double mutant represents an excellent candidate to be further developed into 

a viable live-attenuated plague vaccine. The double mutant was highly attenuated in evoking 

bubonic and pneumonic plague while retaining its ability to generate strong humoral and 

cell-mediated immunity, and to maintain innate immune responses similar to that of the WT 

CO92. In future studies, we aim to determine the optimal dose of the Δlpp Δpla double 

mutant as well as number of boosters needed which would elicit a long-lasting protective 

humoral and cell-mediated immune responses when administrated by different routes in 

mice (e.g., intramuscular versus subcutaneous). Neutrophil activity after infection with the 

WT CO92 and its double mutant would also be assessed as we observed a robust pro-

inflammatory cytokine response that was triggered by WT Y. pestis infection in a mouse 

model that could recruit PMNs (polymorphonuclear leukocytes). Our previous study showed 
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a gross decrease in histopathological inflammatory differences in the lung tissue when mice 

were infected with the double mutant (Δlpp Δpla) compared to that of the WT CO92 strain. 

Therefore, a detailed study on the role of neutrophils and PMNs during infection with Y. 

pestis and its mutants would be undertaken. We would also investigate the possibility of 

attenuating this strain further by other gene deletions, to make it safer for use in a diverse 

human population.

4 Materials and Methods

4.1 Bacterial strains and plasmids

All of the bacterial strains and plasmids used in this study are listed in Table 1. Y. pestis was 

grown in heart infusion broth (HIB) (Difco, Voigt Global Distribution Inc., Lawrence, KS) 

at 26 to 28°C with constant agitation (180 rpm). On the solid surface, Y. pestis was grown on 

either HIB agar or 5% sheep blood agar (SBA) plates (Teknova, Hollister, CA). All of our 

studies were performed in a CDC-approved Tier-1 select agent facility located in the 

Galveston National Laboratory within the University of Texas Medical Branch (UTMB).

4.2 Human monocyte isolation and derivation of macrophages

Human buffy coats were obtained separately from three healthy individuals in 10 ml 

Vacutainer tubes without additive (Becton Dickinson Labware, Franklin Lakes, NJ) from the 

UTMB blood bank under an Institutional Review Board-approved protocol. EDTA-treated 

blood from the donors was handled under endotoxin-free conditions; diluted 1:1 with 

phosphate-buffered saline (PBS), and peripheral blood mononuclear cells (PBMCs) were 

purified by centrifugation over a Ficoll-sodium diatrizoate solution (Ficoll-Paque™ PLUS, 

GE Healthcare Bio-sciences AB, Uppsala, Sweden). Monocytes were then purified from 

PBMCs by positive selection, using human CD14 microbeads and a magnetic column 

separation system (Miltenyi Biotec, Auburn, CA). Human monocyte-derived macrophages 

(HMDMs) were generated from purified CD14+ monocytes.

Briefly, monocytes were cultured in RPMI-1640 medium supplemented with 10% heat-

inactivated fetal bovine serum (FBS), L-glutamine, HEPES, sodium pyruvate, penicillin-

streptomycin, plus granulocyte macrophage-colony stimulating factor (GM-CSF) at 100 

ng/ml (Leukine, Genzyme, Cambridge, MA). Monocytes were seeded in 6-or 24-well tissue-

culture plates at 106 cells/ml. Adherent HMDMs were obtained at 6 days post culture. 

Viability of HMDMs was determined by trypan blue staining, and cells were only used 

when viability exceeded 95%.

4.3 Survival of WT Y. pestis CO92, its mutants, and complemented strains in murine RAW 
264.7 bone marrow-derived macrophages, murine MH-S alveolar macrophages, and 
HMDMs

MH-S and RAW 264.7 macrophages (American Type Culture Collection [ATCC], 

Manassas, VA) were plated at a concentration of 1 × 106 cells/well in a 12-well tissue 

culture plate to establish confluent monolayers. MH-S cells were grown in RPMI-1640 

supplemented with 10% FBS and 0.5 mM 2-mercaptoethanol, whereas RAW 264.7 cells 

were grown in Dulbecco modified eagle medium (DMEM) supplemented with 10% FBS. 

van Lier et al. Page 12

Microb Pathog. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Both of the cell lines were infected with WT CO92, its mutants, or the complemented strains 

at a multiplicity of infection (MOI) of 1. The infected macrophages were incubated at 37°C 

with 5% CO2 for 45 min followed by 1 h of treatment with 10 μg/ml gentamicin for MH-S 

cells and 100 μg/ml gentamicin for RAW 264.7 cells to kill extracellular bacteria. The dose 

of the antibiotic used was empirically determined based on the host cell sensitivity, and an 

effective bactericidal range of gentamicin is from 7.5–200 μg/ml [59, 60]. The surviving 

bacteria inside the macrophages were enumerated immediately after the gentamicin 

treatment (0 h time point) and subsequently at 4h or at 8 to 24 h by serial dilution and 

plating on SBA plates [27, 36].

HMDMs were infected with WT CO92 and the Δlpp Δpla double mutant at an MOI of 0.5. 

The infected macrophages were incubated at 37°C with 5% CO2 for 40 min followed by 1 h 

of treatment with 10 μg/ml gentamicin to kill extracellular bacteria. The surviving bacteria 

inside the macrophages were enumerated immediately after the gentamicin treatment (0 h 

time point) and subsequently at 1, 2, and 4 h by serial dilution and plating [27, 36].

4.4 Visualization of intracellular WT Y. pestis CO92 and its Δlpp Δpla double mutant in 
HMDMs by confocal microscopy

Post-infection (40 min of infection followed by 1 h of gentamicin treatment) with WT CO92 

or its Δlpp Δpla double mutant at an MOI of 0.5, 4% freshly prepared paraformaldehyde and 

0.5% Triton X-100 were used to fix and permeabilize the HMDMs. The fixed macrophages 

were then stained with primary mouse anti-F1 antibodies (1:1,000) (Santa Cruz 

Biotechnology, Santa Cruz, CA) followed by secondary Alexa Fluor 488 (green) donkey 

anti-mouse antibodies (Molecular Probes, Carlsbad, CA). Uninfected macrophages were 

used as negative controls. Mounting medium with DAPI (blue) (Vector Laboratories, 

Burlingame, CA) and Alexa Fluor 568 (red) phalloidin (Molecular Probes) were used to 

stain the nucleus and actin, respectively, of macrophages.

4.5 Western blot analysis

Bacterial cultures were grown in 3 ml of HIB at 28°C and 37°C overnight with shaking. The 

bacteria were harvested, dissolved by boiling in 1x SDS-PAGE sample buffer, and then 

checked for sterility. Western blot analysis was performed with specific primary anti-Lpp or 

anti-Pla antibodies (1:1,000 dilution), followed by horseradish peroxidase-labeled goat anti-

mouse secondary antibodies (1:5,000 dilution), with anti-DnaK antibodies (Stressgen 

Biotechnologies Inc, San Diego, CA, 1:250 dilution) being used as an internal loading 

control [61]. The blots were developed using Clarity Western ECL Substrate (Bio-Rad, 

Hercules, CA). The antibodies to Lpp and Pla were available in the laboratory.

4.6 Pla protease activity assay

All tested cultures (WT CO92, its mutants, and the complemented strains) were plated on 

HIB agar plates from −80°C glycerol stocks and incubated at 28°C for 36 h. Single colonies 

of each culture were then re-plated on fresh HIB agar plates and incubated at 28°C or 37°C 

for 20–22 h. Bacteria from each plate were suspended and diluted in PBS to obtain 

absorbance values (OD600) of 0.1 (5 × 107 cfu/ml) and 0.5 (2.5 × 108 cfu/ml) in a 

spectrophotometer (SmartSpecTm 300, Bio-Rad). For each strain, 50 μl suspensions were 

van Lier et al. Page 13

Microb Pathog. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



added to wells of a black microtiter plate (Costar Corning Inc., Corning, NY) in triplicate. 

The hexapeptide substrate (5.0 μg/μl) in dimethyl sulfoxide (DMSO) [38], was diluted to a 

final concentration of 2.5 μg/50 μl, and added to each well containing bacterial cells. Pla 

activity was then measured in a fluorometric assay (Excitation/Emission 360/460nm) at 

37°C on BioTek Synergy HT spectrophotometer (BioTek Instruments Inc., Winooski, VT). 

The substrate (DABCYL-Arg-Arg-Ile-Asn-Arg-Glu (EDANS)-NH2) was synthesized on 

Sieber amide resin [38]. The kinetics of substrate cleavage by Pla was measured every 15 

min for 2 h. The increase in relative fluorescence units (RFU) as a function of time for WT 

CO92, its mutants, and the complemented strains was recorded and the kinetics of substrate 

cleavage plotted using Prism (GraphPad, La Jolla, CA).

4.7 Measurement of cytokines in the supernatants of WT Y. pestis CO92 and the Δlpp Δpla 
double mutant-infected macrophages

The supernatants from infected macrophages were collected for each cell line at 100–105 

min (post-infection and gentamicin treatment), and filtered using 0.1 μm centrifuge tube 

filters from Costar (Corning Inc.). The host cells were washed before gentamicin treatment 

and then replenished with the fresh medium. The cytokine levels in undiluted supernatant 

samples produced by the intracellular bacteria were analyzed by 6-plex Bio-Rad (Bio-Rad, 

Hercules, CA) Bioplex (IL-6, TNF-α, IL-1β, IL-10, interferon [IFN]-γ, and IL-17) as we 

previously described [26, 62].

4.8 Measurement of nitric oxide levels in the supernatants of macrophages infected with 
WT Y. pestis CO92 and its Δlpp Δpla double mutant

Nitric oxide (NO) levels in WT CO92 and its Δlpp Δpla double mutant activated 

macrophages was determined by measuring the accumulation of nitrite, a stable metabolite 

of the reaction of NO with oxygen, using the Griess reaction assay kit (Molecular Probes). 

The supernatants were collected 12 h after infection, and an aliquot (130 μl) of each 

supernatant was mixed with 20 μl of Griess reagent (0.5% sulfanilamide; 0.05% N-[1-

naphthyl] ethylenediamine in 2.5% acetic acid), and 150 μl deionized water. The 

accumulation of nitrite was then measured spectrophotometrically (SpectraMax M5e, 

Molecular Devices, Sunnyvale, CA) at 548 nm. The concentration of nitrite was calculated 

by using a standard curve prepared with sodium nitrite.

4.9 Phagocytosis of zymosan particles by macrophages infected with WT Y. pestis CO92 
and its Δlpp Δpla double mutant

Macrophages (RAW 264.7, MH-S, and HMDMs) were infected with WT CO92 and the 

Δlpp Δpla double mutant as described above. After 1 h of gentamicin treatment, infected 

host cells were incubated with serum-opsonized synthetic latex beads (1 μm size) at an MOI 

of 1 (Life Technologies, Carlsbad, CA). The plates were incubated for 1.5 h at 37°C with 

slow agitation (80 rpm). After incubation with the beads, the macrophages were washed 

with PBS, also collecting all of the supernatants for floating cells, and spun to collect a 

pellet at 1,200 rpm for 10 min. Macrophages were then re-suspended in trypan blue, fixed 

with 10% formalin, and examined for sterility. The samples were read on the LSRII Fortessa 
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(BD Biosciences, San Jose, CA) (Excitation/Emission 580/605nm) and analyzed with 

FlowJo (Ashland, OR).

4.10 Statistical analyses

Whenever appropriate, one-way analysis of variance (ANOVA) with the Bonferroni 

correction or Tukey’s post hoc test was employed for data analysis. The p values of ≤0.05 

were considered significant. At least 3 biological replicates for each of the experiment were 

performed.
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Highlights

• Δlpp Δpla Y. pestis mutant minimally survived in resting resident and recruited 

mΦs.

• Lpp and Pla operated via different mechanisms to control Y. pestis survival in 

mΦs.

• Δlpp Δpla mutant stimulated innate immune responses comparable to WT Y. 

pestis.

• Δlpp Δpla mutant or its derivatives could serve as live-attenuated vaccines.
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Figure 1. Intracellular survival of WT Y. pestis CO92 and its mutant strains in murine 
macrophages
RAW 264.7 macrophages (A & B) and MH-S alveolar macrophages (C) were infected with 

WT CO92, its single mutants (Δlpp and Δpla), and the Δlpp Δpla double mutant, as well as 

the complemented strains for 45 min at an MOI of 1. Monolayers were then treated with 

gentamicin for 1 h, gentamicin was then removed, and the host cells harvested at 0 and 4 h 

post-gentamicin treatment to determine surviving intracellular bacteria. (B) Additional time 

points, including 8 and 12 h post-gentamicin treatment, were taken to determine long term 

intracellular bacterial survival in RAW 264.7 macrophages. Bacteria were enumerated and 

van Lier et al. Page 21

Microb Pathog. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the percent survival rate was calculated based on the number of bacteria recovered at each 

specific time point over that at the 0 h time point. At least three independent experiments 

were performed, and three wells of macrophages for each bacterial strain were used for the 

infection and plated in duplicate to determine intracellular bacterial counts. The pooled data 

were shown and error bars indicated standard deviations for percent intracellular bacteria. 

The data from both of the cell lines were analyzed using One-way ANOVA with Bonferroni 

correction and p values ≤0.05 were considered significant. Asterisks indicate statistically 

significant differences when compared to WT CO92-infected cell lines or between two 

groups indicated by a horizontal line (*p<0.05, ***p<0.01).
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Figure 2. The expression of lpp and pla genes as well as Pla associated protease activity in various 
Y. pestis strains
Yersinia cultures were grown overnight at 28°C. The expression of the lpp gene was 

evaluated by Western blot analysis using anti-Lpp monoclonal antibodies. The level of 

DnaK in bacterial pellets was examined by using anti-DnaK antibodies as a loading control 

(A). For Pla protease activity, Yersinia cultures were grown on the HIB agar plates either at 

28°C (B) or 37°C (C) for 20–22 h and suspended in PBS to OD600 of 0.1 (5 × 107 cfu/ml) 

(B-I and C-I) and 0.5 (B-II and C-II) (2.5 × 108 cfu/ml), respectively. Pla protease activity 

was measured in a fluorometric assay. The kinetics of substrate cleavage (increase in RFUs 

vs. time) by Pla was plotted for each bacterial strain. Statistical analysis was performed by 

One-way ANOVA with a Bonferroni post-hoc test. Statistically significant p values are 

shown between the groups by a vertical line. The expression of the pla gene in the above-

mentioned cultures was evaluated by Western blot analysis with anti-Pla polyclonal 

antibodies (insets).
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Figure 3. The role of GsrA in the intracellular survival of Δlpp and Δpla single, and the Δlpp Δpla 
double mutant of Y. pestis CO92
MH-S macrophages were infected with WT CO92, its single mutants (Δlpp and Δpla), the 

Δlpp Δpla double mutant, as well as their gsrA complemented strains. Intracellular survival 

was assessed via a gentamicin protection assay as described in Figure 1 legend. The 

experiments were performed in triplicate, and within each experiment three wells of 

macrophages for each bacterial strain were used for the infection and plated in duplicate to 

determine intracellular bacterial counts. The pooled data were shown and error bars 

indicated standard deviations for percent intracellular bacterial survival. The data were 

analyzed using One-way ANOVA with Bonferroni correction and p values ≤0.05 were 

considered significant. Asterisks indicate statistically significant differences when compared 

to WT CO92 infected MH-S cells or between the two groups indicated by a horizontal line 

(*p<0.05, **p<0.01, ***p<0.001).
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Figure 4. Intracellular survival of WT Y. pestis CO92 and its mutant strains in human monocyte-
derived macrophages (HMDMs)
Macrophages from three individual donors were infected at an MOI of 0.5 with either the 

WT CO92 or Δlpp Δpla double mutant for 40 min following 1 h gentamicin treatment (10 

μg/ml). At 0, 1, 2, and 4 h (post-gentamicin treatment), macrophages were harvested and the 

number of bacteria inside macrophages was counted. The percent survival rate was 

calculated based on the number of bacteria recovered at each specific time point over that of 

the 0 h time point. The pooled data were shown and error bars indicated standard deviations 

for percent intracellular bacterial survival (A). The data were analyzed using One-way 

ANOVA with Bonferroni correction and p values ≤0.05 were considered significant. 

Asterisks indicate statistically significant differences compared to WT CO92-infected 

HMDMs (**p<0.01, ***p<0.001). At the 1 h time point, the infected HMDMs were also 

fixed and the bacteria inside the macrophages were detected by specific anti-F1 (capsular 

antigen) antibodies follow by secondary Alexa Fluor 488 antibodies (green). The actin 

filaments were stained with Alexa Fluor 568 phalloidin (red), and the cell nucleus was 

visualized with DAPI (blue). The images were taken by confocal microscopy with the 

magnification of 1,000 (B).
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Figure 5. The cytokine and nitrite production as well as the zymosan uptake of macrophages 
elicited by infection with WT CO92 and its Δlpp Δpla double mutant
Macrophages were infected with WT CO92 and its Δlpp Δpla double mutant at MOI of 1, 

washed, and then subjected to gentamicin treatment. Culture supernatants were collected 

immediately after gentamicin treatment for analyzing cytokine production by using 6-plex 

Bio-Rad multiplex assay (A) or at 12 h post infection for the production of nitrite by using 

the Griess assay (B). For the zymosan uptake (C), the above infected macrophages were 

incubated with 1 × 106 (1 μm) of Texas-Red zymosan particles after the gentamicin 

treatment. The number of macrophages positive for beads was enumerated by flow 

cytometry. The dotted line represents percent of uninfected macrophages positive for 

zymosan uptake. Statistical analysis was performed by One-way ANOVA with Tukey’s 

post-hoc test, and the statistical significant difference is indicated by an asterisk with p<0.05 

when compared to the uninfected control macrophages (*p<0.05). The pooled data from 

three independent experiments were shown and error bars indicated standard deviations.
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Table 1

Bacterial strains and plasmids used in this study

Strain/Plasmid Description and Source Reference

Strains

Y. pestis CO92

WT CO92 Virulent WT Y. pestis isolated in 1992 from a fatal pneumonic plague case, biovar Orientalis, and 
naturally resistant to polymyxin B

[63, 64]

WT CO92 (pBR322vYgsrA) Y. pestis CO92 WT strain supplied with gsrA via plasmid pBR322vYgsrA (Tcs) This study

Δlpp lpp deletion mutant of Y. pestis CO92 [27]

Δlpp Tn7-lpp CO92 Δlpp mutant complemented with lpp in cis by using the targeted Tn7 [36]

Δlpp (pBR322v) CO92 Δlpp mutant transformed with plasmid pBR322v (Tcs) [42]

Δlpp (pBR322vYgsrA) CO92 Δlpp mutant complemented with gsrA via plasmid pBR322vYgsrA (Tcs) [42]

Δpla pla in-frame deletion mutant of Y. pestis CO92 [26]

Δpla (pBR322v) CO92 Δpla mutant transformed with plasmid pBR322v (Tcs) [26]

Δpla ( pBR322vYpla) CO92 Δpla mutant complemented via plasmid pBR322vYpla (Tcs) [26]

Δpla ( pBR322vYgsrA) CO92 Δpla mutant complemented with gsrA via plasmid pBR322vYgsrA (Tcs) This study

Δlpp Δpla lpp and pla gene double deletion mutant of Y. pestis CO92 [26]

Δlpp Δpla (pBR322v) CO92 Δlpp Δpla double mutant transformed with plasmid pBR322v (Tcs) [26]

Δlpp Δpla (pBR322vYpla) CO92 Δlpp Δpla double mutant complemented via plasmid pBR322vYpla (Tcs) [26]

Δlpp Δpla (pBR322vYgsrA) Y. pestis lpp and pla double deletion mutant complemented with gsrA via plasmid 
pBR322vYgsrA (Tcs)

This study

Plasmids

pBR322v Cloning vector pBR322 variant and sensitive to tetracycline (Tcs) [42]

pBR322vYpla Recombinant plasmid containing the pla gene coding region and its putative promoter in vector 
pBR322v used for complementation (Tcs)

[26]

pBR322vYgsrA Recombinant plasmid containing the gsrA gene coding region and its putative promoter in vector 
pBR322v (Tcs)

[42]

TcS=tetracycline sensitive
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