
The dual role of splenic mononuclear and polymorphonuclear cells 1 

in the outcome of ciprofloxacin treatment of Salmonella enterica 2 

infections 3 

P. Kanvatirth1*, O. Rossi1#, O. Restif1, B. A. Blacklaws1, P. Tonks1, A. J. Grant1, P. Mastroeni1 4 

 5 

Author Affiliations 6 

1 Department of Veterinary Medicine, University of Cambridge, Madingley Road, Cambridge, 7 

CB3 0ES, UK.  8 

# Current affiliation: GSK Vaccine Institute for Global Health, Via Fiorentina 1, Siena, 53100, 9 

IT. 10 

* Current affiliation: Department of Pathology, University of Cambridge, Tennis Court Road, 11 

Cambridge, CB2 1QP, UK.  12 

Corresponding author: Dr Panchali Kanvatirth, Department of Pathology, University of 13 

Cambridge, Tennis Court Road, Cambridge, CB2 1QP, UK. Email: pk468@cam.ac.uk 14 

 15 

Running title: The dual role of splenic mononuclear and polymorphonuclear cells in the 16 

outcome of ciprofloxacin treatment of Salmonella enterica infections. 17 

 18 

Abstract 19 

Objective: To determine the immune cell populations associated with Salmonella enterica 20 

serovar Typhimurium before and after ciprofloxacin treatment using a murine model of 21 

systemic infection. The effect of depletion of immune cells associating with Salmonella on 22 

treatment outcome was also determined. 23 

Methods: We infected mice with a Salmonella enterica serovar Typhimurium strain expressing 24 

GFP and used multicolour flow cytometry to identify splenic immune cell populations 25 

associating with GFP-positive Salmonella before and after treatment with ciprofloxacin. This 26 

was followed by depletion of different immune cell populations using antibodies and 27 

liposomes. 28 

Results: Our results identified CD11b+CD11chi/lo (macrophages/dendritic cells) and 29 

Ly6G+CD11b+ (neutrophils) leukocytes as the main host cell populations that are associated 30 

with Salmonella after ciprofloxacin treatment. We therefore proceeded to test the effects of 31 

depletion of such populations during treatment. We show that depletion of Ly6G+CD11b+ 32 



populations resulted in an increase in the number of viable bacterial cells in the spleen at the 33 

end of ciprofloxacin treatment. Conversely, treatment with clodronate liposomes during 34 

antimicrobial treatment, which depleted the CD11b+CD11chi/lo populations, resulted in lower 35 

numbers of viable bacteria in the tissues. 36 

Conclusion: Our study identified host cells where Salmonella bacteria persist during 37 

ciprofloxacin treatment and revealed a dual and opposing effect of removal of Ly6G+CD11b+ 38 

and CD11b+CD11chi/lo host cells on the efficacy of antimicrobial treatment. This suggests a 39 

dichotomy in the role of these populations in clearance/persistence of Salmonella during 40 

antimicrobial treatment.  41 



Introduction 42 

Salmonella enterica cause severe systemic diseases such as typhoid, paratyphoid fever and 43 

invasive Non-Typhoidal Salmonellosis (iNTS). There are currently no licensed vaccines for 44 

paratyphoid or iNTS.1 45 

Infections including salmonellosis can be difficult to eradicate by antibiotics and persist in the 46 

host even when the bacteria retain susceptibility to the drug used for the treatment.2–4 This can 47 

lead to chronic infections, disease reservoirs, prolonged transmission, within-host bacterial 48 

evolution and development of antimicrobial resistance (AMR).3,5,6 This problem is 49 

exacerbated in patients with comorbidities that impair the immune system.3,7 50 

The role of cells of the immune system in modulating the efficacy of antimicrobial treatment 51 

is poorly understood. Immunity can either limit the efficacy of antimicrobials by creating 52 

environments hostile to their penetration and efficacy, by reducing bacterial division rates and 53 

activating Multi Drug Resistance pumps or synergise with antibiotics in the killing of the 54 

microorganisms.8–11 55 

Here we show the location of Salmonella within different types of murine splenocytes before, 56 

during and after ciprofloxacin treatment and illustrate how depletion of host cell populations 57 

affects treatment. 58 

 59 

Methods 60 

Ethics. Animal experiments were performed under licence issued by the UK Home Office 61 

(Animals Act, 1986) approved by the Cambridge Animal Welfare Ethical Review Body.  62 

Bacteria. We used GFP-expressing SL1344 sifB::gfp strain S. Typhimurium.12 63 

Infection and antimicrobial treatment. Female C57BL/6 mice (Charles River), >8 weeks 64 

old, were infected intravenously (i.v.) with 103 colony forming units (cfu) of SL1344 sifB::gfp. 65 

Three days post infection (p.i.), treatment with ciprofloxacin hydrochloride (Sigma-Aldrich) 66 

was started twice a day for four days after which the infection was allowed to relapse for two 67 

days. 68 

Flow cytometry. Single splenocyte suspensions were stained as in Method S1. Cell markers 69 

and gating strategies are indicated in Table S1 and Fig. S1 respectively.  70 

Cell Depletions. Polymorphonuclear neutrophils (PMN) were depleted with 0.5 mg of anti-71 

Gr-1 IgG2b (Leinco Technologies)13 i.p. on day 3 p.i. Macrophage and dendritic cells were 72 

depleted with clodronate liposomes (Liposoma) administered i.p. (Method S2). To test the 73 



effect of liposomes on the infection during ciprofloxacin treatment, mice were treated with 74 

ciprofloxacin and liposomes14 daily from day 3 to 6 p.i. B-cells were depleted with 0.25 mg of 75 

anti-mouse CD20 (Biolegend) i.p. on day 3 p.i. 76 

The mice were then killed on day 7 p.i. for enumeration of viable Salmonella in the spleen 77 

(Method S3) and flow cytometric analysis (Method S1). 78 

  79 



Results and discussion 80 

Flow cytometric analysis of host cells associated with bacteria.  81 

Mice were infected with 103 cfu of Salmonella.12 On day 3 p.i., when bacterial counts in the 82 

spleen reached approximately 106 cfu, ciprofloxacin treatment was started and continued for 4 83 

days; ciprofloxacin sharply reduced the bacterial load to 103 cfu. Treatment was stopped after 84 

4 days (day 7 of the infection) resulting in the relapse of bacterial growth between days 7 and 85 

9. 86 

Before the first antimicrobial dose (day 3 p.i.), CD19+ B-cells were the most abundant type of 87 

splenocytes associated with Salmonella, (36 to 60%; median 55%) of the total population 88 

(Fig.1(a)). GFP+ bacteria were also associated with cells expressing CD11b and/or CD11c 89 

(Fig.1(a), median >5%). CD3+ (T) or NK1.1+ (NK) cells represented <5% each of the GFP+ 90 

cells). Ly6G+ CD11b+ cells (neutrophils) constituted 19 % (range 11-33%) of the GFP+ cells. 91 

During antibiotic treatment (3-7 days p.i.), despite significant inter-mouse variations within 92 

groups, we detected consistent trends in the proportions of specific cell types among GFP+ 93 

infected cells, using generalised linear models with quasi-binomial distributions to account for 94 

over-dispersion.  95 

The median proportion of B-cells decreased from 55 to 28%, day 3 versus day 6 p.i., p=0.0001 96 

and remained at similar levels (median 33%, p=0.16) for the next 24 h (Fig.1(a)). 97 

Ly6G+CD11b+ cells (neutrophils)15 followed a similar pattern during treatment, with the 98 

median decreasing from 19 to 8%, day 3 versus day 6 p.i. (p=0.005), before increasing to 12% 99 

on the next day (day 6 versus day 7 p.i., p=0.038). These changes were mirrored by increases 100 

in the proportions of CD11b+CD11chi (dendritic cells) and CD11b+CD11clo (macrophages)15 101 

populations, which cumulatively formed the major proportion of splenocytes associated with 102 

GFP+ Salmonella at the end of the treatment. The percentage of CD3+ cells and NK1.1+ cells 103 

remained low throughout the experiment (median <5% of GFP+ cells). Thus, CD19+ B cells 104 

and Ly6G+CD11b+ are the major host cell populations associated with Salmonella before the 105 

start of ciprofloxacin treatment. CD11b+CD11chi, CD11b+CD11clo and Ly6G+CD11b+ cells, 106 

and a smaller proportion of CD19+ cells are the main Salmonella-associated populations after 107 

treatment.  108 

 By day 9 p.i. (the relapse phase), the proportion of GFP+ bacteria associated with CD19+ cells 109 

decreased further, to a median of 15 % (day 9 versus day 7, p<0.0001), and CD11b+ cells 110 



constituted the majority of host cells associated with Salmonella (70-80%). The proportion of 111 

neutrophils associated with Salmonella reverted to that seen before the commencement of the 112 

antimicrobial treatment (median: 19% on day 3 and 22% on day 9 p.i., p=0.08). Thus, during 113 

the relapse phase the bacteria did not re-populate individual splenocyte populations in the same 114 

proportions as in the pre-antimicrobial phase.  115 

 116 

Proportions of overall host spleen cell populations in comparison to Salmonella-117 

associated cells.  118 

We next compared the overall populations of splenocytes in relation to the changes in host cells 119 

associated with GFP+ Salmonella. This was to determine whether the shifts in bacterial location 120 

described above were a mere consequence of overall changes in the proportions of individual 121 

populations of splenocytes. 122 

Throughout the experiment, CD19+ cells remained the dominant cell type in infected mouse 123 

spleens, decreasing from a median value of 73 to 54% on day 3 p.i. to day 6 p.i. (p<0.0001), 124 

with no further substantial changes by day 9 p.i. (day 6 versus day 7 p.i., p=0.4; day 7 versus 125 

day 9 p.i., p=0.28) (Fig. 1b). This reduction was matched by initial increases in the proportions 126 

of CD11b+ and CD11c+ cells (Fig. 1b), while the proportion of Ly6G+CD11b+ remained low, 127 

increasing from 6 to 10% from day 3 to 7 p.i. (p<0.0001). During the relapse phase (days 7-9 128 

p.i.), there were only small variations in the overall cell populations, in contrast to the major 129 

changes observed in Salmonella-associated cells described above.  130 

 131 

Role of CD11b+CD11chi (dendritic cells) and CD11b+CD11clo (macrophages) cells on the 132 

efficacy of antimicrobial treatment. 133 

Since CD11b+CD11chi and CD11b+CD11clo are the major cell types associated with 134 

Salmonella at the end of the treatment we explored the effects of clodronate liposomes (CL) 135 

on antimicrobial treatment of the infection. CL deplete macrophage and dendritic cells in vivo.  136 

CL induced a decrease from 5.1 to 0.8% in the proportion of CD11b+CD11chi cells, and from 137 

4.4 to 1.8% in the proportion of CD11b+CD11clo cells by day 6 p.i. (Fig. S2). This led to a 32 138 

and 72% reduction in average cell numbers respectively (Table S2). All the other cell types 139 

were unaffected by CL (data not shown). 140 



The bacterial load in the spleen of mice receiving PBS liposomes (used as control) and CL 141 

alongside ciprofloxacin had a median value of 3.2x104 cfu/spleen and 3.4x103 cfu/spleen 142 

(p=0.0047) (Fig.2a) respectively.  143 

The data show that, paradoxically, ablation of clodronate-susceptible  macrophages, normally 144 

involved in host resistance to Salmonella8,  had a synergistic effect with the antimicrobial 145 

treatment. A plausible explanation could be the fact that these cells can contain persisting 146 

bacteria with low replication rates known to be less susceptible to the effect of antibiotics.16 147 

The reported low/absent replication of Salmonella within dendritic cells (CD11b+CD11chi) 148 

could also underpin their role in hindering ciprofloxacin treatment in vivo.17 149 

 150 

Effect of depletion of Ly6G+CD11b+ neutrophils on the antimicrobial treatment of a 151 

Salmonella infection. 152 

Ly6G+CD11b+ neutrophils are key cells in host resistance to Salmonella.18 In vivo 153 

administration of anti-Gr-1 antibody reduced the proportion of Ly6G+CD11b+ cells in the 154 

spleen from 3.7 to 0.4% (Fig. S3) which led to an 89% reduction in average cell numbers (Table 155 

S3). The bacterial loads in the spleen on day 7 p.i. were higher in mice that received anti-Gr-1 156 

antibody compared to mice receiving control IgG with median values for the control and anti-157 

Gr-1 group being 2.5x104 cfu/spleen and 4x105 cfu/spleen (p=0.0007) (Fig.2(b)) respectively. 158 

Our data indicate that ablation of neutrophils had a detrimental effect on the antimicrobial 159 

treatment of the infection. This is consistent with the antimicrobial role of neutrophils in innate 160 

immunity to Salmonella.8,18 161 

 162 

Effect of B-cell depletion on the efficacy of antimicrobial treatment of a Salmonella 163 

infection. 164 

Treatment of infected mice with an anti-CD20 B-cell depleting antibody19 (Fig. S4) reduced 165 

the overall proportion of CD19+ cells in the spleen from 34.5 to 0.1% (Fig. S4), leading to a 166 

99% reduction in B-cell numbers by day 7 p.i. (Table S4). Nevertheless, the bacterial load 167 

between B-cell depleted and control mice was similar (p=0.8248) (Fig. 2(c)). Our data 168 

indicate that depleting B-cells did not impact on the outcome of antimicrobial treatment.  169 



Conclusion 170 

Understanding the location of bacteria can guide treatments that are complementary or 171 

alternative to classical antimicrobial regimens. These may include host-cell specific 172 

immunological approaches, as shown by the different effects of cell-depletions in vivo, or 173 

strategies for improved delivery of drugs to infection foci/cells.20 174 

  175 
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Fig. 2  252 



Figure legends 253 

 254 

Fig. 1. (a) Distribution of Salmonella-infected spleen cells at different time points post 255 

infection. The data are presented as box and whisker plots with the central line indicating the 256 

median of the values. Mice were infected with 103 cfu of GFP-expressing S. Typhimurium 257 

SL1344 sifB::gfp and treated with ciprofloxacin for four days (3-7 days p.i.) at 12 h intervals. 258 

Splenic cells were analysed using multicolour flow cytometry and gated for CD45+ cells and 259 

then for GFP expression before analysis for the presence or absence of other cell markers. Each 260 

boxplot represents data from nine mice and each panel shows the proportion of GFP+ 261 

Salmonella-associated cells expressing a particular combination of receptors. The X-axes of 262 

the graphs represent days post infection and the Y-axes represent the proportion of cells 263 

expressing the cell marker. (b) Comparative proportion of spleen cells (“overall”) and 264 

GFP+ Salmonella-associated spleen cells (“GFP+”). Mice were infected and spleen cells 265 

were analysed as described in method S1 and Fig. S1. In addition to the distribution of GFP+ 266 

Salmonella-associated spleen cells phenotypes, the overall proportions of the different cell 267 

types (marker expression) in the CD45+ population are shown, for each time point post 268 

infection. On the Y-axis the relative proportion of each spleen cell population at each time 269 

point are presented as different colours, side-by-side for overall population and GFP+ subsets. 270 

At each time point (X-axis), the data represent the median value obtained from nine mice. 271 

 272 

Fig. 2. (a) Effect of depletion of CD11b+CD11clo and CD11b+CD11chi populations using 273 

clodronate liposomes on bacterial load. A box and whisker representation with the central 274 

line depicting the median value of cfu counts from the spleen on day 7 p.i. from Salmonella 275 

infected, antimicrobial treated mice, either when treated with PBS liposomes or with clodronate 276 

liposomes from day 3 to day 6 p.i.. The Y–axis indicates cfu/spleen. The values are cumulative 277 

from two independent experiments with n=6 for the control group and n=8 for the depleted 278 

group. The statistical analysis was performed using the Mann Whitney test. ** indicates 279 

p<0.01. (b) Effect of depletion of Ly6G+CD11b+ neutrophil populations on bacterial load. 280 

A box and whisker representation with the central line depicting the median value of cfu counts 281 

taken from spleens on day 7 p.i. from Salmonella-infected, antimicrobial-treated mice, either 282 

injected with a control IgG or an anti-Gr-1 antibody. The values are cumulative from two 283 

independent experiments with n=10 mice for both the control and the depleted groups. The 284 



statistical analysis was performed using the Mann Whitney test.  *** indicates p<0.001. (c) 285 

Effect of depletion of B-cells on bacterial load. A box and whisker representation with the 286 

central line depicting the median value of cfu counts taken from spleens on day 7 p.i. from 287 

Salmonella-infected, antimicrobial-treated mice, injected with either a control IgG or an anti-288 

CD20 antibody. The values are from n=3 mice for the control and the depleted group. The 289 

statistical analysis was performed using the Mann Whitney test.  Ns: non-significant. 290 
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