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Studies of antimicrobial therapeutics have traditionally neglected the contribution of the host in determining the course of treatment and its outcome. One critical host element, which shapes the dynamics of treatment is the innate immune system. Studies of chemotherapeutics and complementary therapies such as bacteriophage (phage), are commonly performed with mice that purposely have an ablated innate immune system. Here, we generate a mathematical and computer-simulation model of the joint action of antibiotics, phage, and phagocytes. Our analysis of this model highlights the need for future studies to consider the role of the host's innate immune system in determining treatment outcomes. Critically, our model predicts that the conditions under which resistance to the treatment agent(s) will emerge are much narrower than commonly anticipate. We also generate a second model to predict the dynamics of treatment when multiple phages are used. This model provides support for the application of cocktails to treat infections rather than individual phages. Overall, this study provides hypotheses that can readily be tested experimentally with both in vitro and in vivo experiments.

Keywords
Innate immunity, infection dynamics, antibiotics, bacteriophages, antibiotic resistance, phage resistance, mathematical and computer-simulation modeling


Introduction

As a consequence of the increasing frequency of infections with antibiotic resistant bacteria there has been an increase in research on and the application of bacteriophage (phage) for the treatment of bacterial infections (Olawade et al., 2024; Salam et al., 2023). Phage therapy was employed before the advent of antibiotics but was ultimately replaced by these drugs; however, the recent resurrection of phage therapy sees these viruses used concomitantly with antibiotics almost exclusively (Summers, 2012; Berryhill et al., 2021; Li et al., 2021). There is currently a lack of understanding about the interactions between these bacterial viruses and these drugs, especially in regards to the conditions where they act either synergistically or antagonistically (Osman et al., 2023). The purpose of this this report is to use mathematical and computer simulation models to explore the population dynamic and evolutionary processes required for effective therapy with antibiotics and phage.

In exploring joint phage and antibiotic therapy, it is critical to consider the contribution of the host's innate immune system in the control of bacterial infections. The innate immune defenses play a prominent role to the course of antibiotic and phage therapy and need to be considered in studies evaluating the effect of these agents both independently and when used together (Anonymous, 2013; Berti et al., 2020; Carroll-Portillo and Lin, 2019). In this report, we restrict our consideration of the innate immune system to phagocytes and phagocytosis. We give particular focus to the effect that dosing (e.g., antibiotic first, phage first, or co-administration) has to the outcomes of infection treatment and the role that the emergence of antibiotic and phage resistances have on treatment dynamics.

Phages, when given to treat an infection, are often administered as cocktails of multiple phages, with one of the primarily goals being preventing the ascent of phage resistance, which would decrease treatment efficacy (Abedon et al., 2021). The majority of our modeling results presented here assume only one phage and antibiotic are used; however, we do employ a second model to determine the contribution multiple phages would have to the dynamics of treated bacterial given the emergence of phage resistant mutants.



Mathematical models


A model of phage, antibiotics, and the innate immune system

The model developed here is an extension of that in Levin et al. (2017) which has been expanded to include phage. This model assumes continuous culture (chemostat) conditions (Chao et al., 1977). Briefly, this model combines the pharmacodynamics of antibiotic treatment developed in previous studies (Regoes et al., 2004; Wiuff et al., 2005; Levin and Udekwu, 2010) with the dynamics of phagocytosis consider in Ankomah and Levin (2014). Shown in Figure 1 is a diagram of the model employed in this report. Tables 1, 2 detail the variables of this model and the default parameters used in our simulations, respectively.
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FIGURE 1
 ” Diagram of the model of the joint action of antibiotics, phage, and the innate immune system in the dynamics of treatment of a bacterial infection. For the definitions of the variable in the above diagram, see Table 1. All parameters, their definitions, and values used in the simulations of this model are presented in Table 2 unless otherwise stated.


TABLE 1 Variables used in the model of the joint action of antibiotics, phage, and the innate immune system.


	Variable
	Definition
	Color in figures





	R
	The limiting resource
	Light blue

 
	B
	Antibiotic-sensitive, phage-sensitive bacteria
	Dark blue

 
	BVR
	Antibiotic-sensitive, phage-resistant bacteria
	Orange

 
	BAR
	Antibiotic-resistant, phage-sensitive bacteria
	Green

 
	BAVR
	Antibiotic-resistant, phage-resistant bacteria
	Red

 
	V
	Lytic phage
	Teal

 
	A
	Antibiotic
	Purple

 
	I
	Free phagocytes
	Pink

 
	IB
	Phagocytes that have engulphed at least one bacterium
	Light pink






TABLE 2 Parameters and the values used in the simulation of the joint action of antibiotics, phage, and the innate immune system.


	Parameter
	Definition
	Value
	Units
	Source





	vb, vbar, vbvr, vbavr
	Maximum growth rates
	1.0, 0.9, 0.9, 0.8
	per cell per hour
	This report

 
	C
	Maximum resource concentration
	1,000
	μg/mL
	This report

 
	e
	Resource conversion efficiency
	5·10−7
	μg/cell
	Stewart and Levin, 1973

 
	μ
	Mutation rate
	10−7
	per hour
	Luria and Delbrück, 1943

 
	IMAX
	Maximum phagocyte density
	105
	per mL
	This report

 
	γ
	Phagocyte gobbling constant
	9·10−6
	per cell per hour
	This report

 
	w
	Flow rate
	0.1
	mL per hour
	Chao et al., 1977

 
	δ
	Phage adsorption rate
	10−7
	per hour per mL
	Berryhill et al., 2023a

 
	β
	Phage burst size
	50
	particles per cell
	Berryhill et al., 2023a

 
	da
	Decay rate of the antibiotic
	0
	μg/mL per hour
	Levin and Udekwu, 2010

 
	vmin
	Maximum kill rate of antibiotic
	−4.0 or −0.001
	per cell per hour
	Berryhill et al., 2023b

 
	κ
	Hill parameter
	1.0
	
	Regoes et al., 2004

 
	MIC
	Minimum inhibitory concentration
	1.0
	μg/mL
	This report

 
	k
	Monod constant
	1.0
	μg
	Monod, 2012

 
	Dose
	Dosing interval
	8.0
	Hours
	This report







Pharmacodynamics of antibiotic treatment

We assume that resource (R, μg/mL) enters the environment at a constant rate and that the pharmacodynamics of the antibiotics and bacteria are modeled by a Hill function where: Π (A, R) is the net growth/death rate of the bacteria (Equation 1) (Regoes et al., 2004). Equation 1 is written generally with i in place of the bacterial states (e.g., B or BVR). For this model, we assume the resource is the unique agent limiting the growth and final density in the absence of antibiotics, phage, or the immune system—analogous to the carbon source in a minimal media (Stewart and Levin, 1973). To simulate the effect that the decreasing limiting resource concentration has on the physiological state of the bacteria, we include a term ψ(R) defined in Equation 2 (Monod, 2012).

Πi(A,R)=(vi-(vi-vmin)·(AMIC)κ(AMIC)κ-(vminvi))·ψ(R)      (1)

ψ(R)=RR+k      (2)
 

Mathematical model of phage, antibiotics, and the innate immune system

To simulate the treatment of populations of antibiotic-sensitive and phage-sensitive bacteria, antibiotic-resistant and phage-sensitive bacteria, antibiotic-sensitive and phage-resistant bacteria, and antibiotic-resistant and phage-resistant bacteria with antibiotics and phage, we construct a series of coupled, ordered differential equations (Equations 3 through 10). Free and bacteria-populated phagocytes, I and IB, engulf free bacteria at a rate proportional to the product of their densities, that of the free bacteria and a rate constant, γ, which is the same for free bacteria of all states and both I and IB phagocytes. With these definitions, assumptions, and the parameters defined and presented in Tables 1, 2, the rates of change in the densities of the different populations are given by:

dRdt=w·(C−R)−e·ψ(R)·(vb·B+vbar·BAR       +vbvr·BVR+vbavr·BAVR)      (3)

dBdt=π(A,R)·B-γ··B(I+IB)-w·B      (4)

dBARdt=vbar·BAR·ψ(R)−γ·BAR·(I+IB)−δ·V·                  BAR·ψ(R)−w·BAR      (5)

dBVRdt=π(A,R)·BVR·ψ(R)−γ·BVR·(I+IB)                  −w·BVR      (6)

dIdt=w·(IMAX−I)−γ·(B+BAR+BVR+BAVR)·          I−w·I      (7)

dIBdt=γ·I·(B+BAR+BVR+BAVR)-w·IB      (8)

dVdt=δ·V·(B+BAR)·β·ψ(R)-w·V+VIN      (9)

dAdt=-A·(da+w)+AIN      (10)
 


A model of phage cocktails

Shown in Figure 2 is a diagram of the model employed for modeling phage cocktails in this report. Tables 3, 4 detail the variables of this model and the default parameters used in our simulations, respectively.


[image: A flowchart illustrating the progression from the initial population labeled “B” to subsequent populations “B1,” “B2,” and “B3,” then to combinations “B12,” “B13,” “B23,” and finally “B123.” Arrows indicate possible transitions. The right shows hexagons labeled “V1,” “V2,” and “V3.” A note states phages can infect any B population lacking its corresponding numbers.]
FIGURE 2
 Diagram of the phage cocktail model. For the definitions of the variables in the above diagram, see Table 3. All parameters, their definitions, and values used in the simulations of this model are presented in Table 4 unless otherwise stated.


TABLE 3 Variables used in the model of bacteriophage cocktails.


	R
	The limiting resource





	V1
	Phage 1

 
	V2
	Phage 2

 
	V3
	Phage 3

 
	B
	Bacteria susceptible to all phages

 
	BR1
	Bacteria resistant to phage 1

 
	BR2
	Bacteria resistant to phage 2

 
	BR3
	Bacteria resistant to phage 3

 
	BR12
	Bacteria resistant to phage 1 and phage 2

 
	BR13
	Bacteria resistant to phage 1 and phage 3

 
	BR23
	Bacteria resistant to phage 2 and phage 3

 
	BR123
	Bacteria resistant to phage 1, phage 2, and phage 3






TABLE 4 Parameters and the values used in the model of bacteriophage cocktails.


	Parameter
	Definition
	Value
	Units
	Source





	vb, vb1, vb2, vb3
	Maximum growth rates (based on the number of resistant states)
	1.0, 0.9, 0.8, 0.7
	per cell per hour
	This report

 
	C
	Maximum resource concentration
	1,000
	μg/mL
	This report

 
	e
	Resource conversion efficiency
	5·10−7
	μg/cell
	Stewart and Levin, 1973

 
	μ
	Mutation rate
	10−7
	per hour
	Luria and Delbrück, 1943

 
	w
	Flow rate
	0.1
	per hour
	Chao et al., 1977

 
	δ
	Phage adsorption rate
	10−7
	per hour per mL
	Berryhill et al., 2023a

 
	β
	Phage burst size
	50
	particles per cell
	Berryhill et al., 2023a

 
	k
	Monod constant
	1.0
	μg
	Monod, 2012







Mathematical model of phage cocktails

To simulate the treatment of populations of bacteria which are either phage-sensitive, resistant to one phage, resistant to two phages, or resistant to three phages and three different phages we construct a series of coupled, ordered differential equations (Equations 11 through 19). We assume resistance to each phage is independent. In this model, the transitions between the various phage-resistant states occurs stochastically (Stewart et al., 1990). We simulate these transitions with a Monte Carlo process (Metropolis and Ulam, 1949). A random number x (0 ≤ x ≤ 1) from a rectangular distribution is generated (Gentle, 2003). If x is less than the product of the number of cells in the generating state (B, the density time the volume of the vessel, Vol), the transition rate (μ) and the step size (dt) of the Euler method employed for solving the differential equations (Hairer and Wanner, 1996), for example if x <B*μ*dt*Vol, then ADDBBR1 cells are added to the BR1 population and removed from the B population where ADDBBR1 = 1/(dt*Vol). With these definitions, assumptions, and the parameters defined and presented in Tables 3, 4, the rates of change in the densities of the different populations are given by:

dRdt=w·(C−R)−e·ψ(R)·(vb·B+v1·BR1+v2·BR2+v3·BR3       +v12·BR12+v13·BR13+v23·BR23+v123·BR123)      (11)

dBdt=vb·B·ψ(R)−δ·(V1+V2+V3)·B·ψ(R)−w·B       +ADDBR1B+ADDBR2B+ADDBR3B−ADDBBR1       −ADDBBR2−ADDBBR3      (12)

dBR1dt=vb1·BR1·ψ(R)−δ·BR1·(V2+V3)·ψ(R)−w·BR1             +ADDBBR1+ADDBR12BR1+ADDBR13BR1−               ADDBR1B−ADDBR1BR12−ADDBR1BR13      (13)

dBR2dt=vb2·BR2·ψ(R)−δ·BR2·(V1+V3)·ψ(R)−w·BR2             +ADDBBR2+ADDBR12BR2+ADDBR23BR2             −ADDBR2B−ADDBR2BR12−ADDBR2BR23      (14)

dBR3dt=vb3·BR3·ψ(R)−δ·BR3·(V1+V2)·ψ(R)−w·BR3             +ADDBBR3+ADDBR13BR3+ADDBR23BR3             −ADDBR3B−ADDBR3BR13−ADDBR3BR23      (15)

dBR12dt=vb12·BR12·ψ(R)−δ·BR12·V3·ψ(R)−w·BR12               +ADDBR1BR12+ADDBR2BR12+ADDBR123BR12               −ADDBR12BR1−ADDBR12BR2−ADDBR12BR123      (16)

dBR13dt=vb13·BR13·ψ(R)−δ·BR13·V2·ψ(R)−w·BR13               +ADDBR3BR13+ADDBR1BR13+ADDBR123BR13               −ADDBR13BR3−ADDBR13BR1−ADDBR13BR123      (17)

dBR23dt=vb23·BR23·ψ(R)−δ·BR23·V1·ψ(R)−w·BR23               +ADDBR2BR23+ADDBR3BR23+ADDBR123BR23               −ADDBR23BR2−ADDBR23BR3−ADDBR23BR123      (18)

dBR123dt=vb123·BR123·ψ(R)−w·BR123                  +ADDBR12BR123+ADDBR23BR123−ADDBR123BR12                  −ADDBR123BR13      (19)





Results


Control by the immune system in the absence of treatment

We begin our analysis of the predictions generated by the first model by considering the effect the primary, unmeasured parameter γ (the phagocyte gobbling rate) has on the dynamics of the infection. In Figure 3, we consider three differing values of γ, demonstrating that the model is highly sensitive to this parameter. Going forward, all simulations are performed with the value of γ in Figure 3A, where the immune system is capable of suppressing the growth of the bacteria but not capable of clearing the infection on its own.


[image: Three line graphs labeled A, B, and C illustrate the change in densities and concentrations over time. Each graph has “Time (hours)” on the x-axis and “Densities and Concentrations” on the y-axis. Graph A shows stable levels for B and IB, a decline for I, and a rise for BAR. Graph B shows a similar trend, but with more variability in R and I. Graph C indicates a steady decline in B, an increase in I, and similar patterns for other variables as in previous graphs. Each graph has distinct colors for B, IB, R, I, and BAR.]
FIGURE 3
 Effect of immune system on controlling infections without treatment. (A) The level of immune response needed to prevent net growth or death of the bacteria populations. γ = 9E-6. (B) A marginally weaker immune response. γ = 8E-6. (C) A marginally stronger immune response. γ = 9.5E-6.




Treatment of infections in the absence of the immune system

We then analyze the effects that treatment in the absence of the innate immune system has on the dynamics of infection.


Single agent treatment (controls)

In Figure 4A we consider treatment of an initially sensitive bacteria population with a highly bactericidal antibiotic; in Figure 4B the only treatment is a bacteriostatic drug; and, in Figure 4C the bacteria are treated with a lytic bacteriophage. Notably, all agents are capable of controlling the initial infection, however resistance to that agent does rapidly ascend.


[image: Three graphs labeled A, B, and C show densities and concentrations over time in hours on a logarithmic scale. Graph A depicts rapid initial rises of BAR and BAVR with leveling off, while R and B remain low. Graph B shows similar trends but a decrease in B. Graph C shows increases of BVR and V, with R and BAVR stabilizing at lower densities.]
FIGURE 4
 Single agent treatment without the immune system. (A) A bactericidal antibiotic. (B) A bacteriostatic antibiotic. (C) A lytic bacteriophage.




Bacteriostatic antibiotics

In evaluating the joint action of phage and antibiotics, we first examine a highly lytic phage in combination with a bacteriostatic antibiotic. There are three distinct dosing regimens: phage first (Figure 5A), bacteriostatic drug first (Figure 5B), and co-administration of both the phage and antibiotic (Figure 5C). Our simulations predict that the phage first regimen clears the initial bacterial population the quickest, followed by antibiotic first, and then co-administration being the slowest to clear the initial population. However, in all cases resistance to both treating agents ascends in roughly the same amount of time, ~40 h.


[image: Three line graphs labeled A, B, and C show changes in densities and concentrations over 180 hours. Each graph displays lines for BAVR, V, BAR, BVR, B, R, and A. BAVR starts low and rises sharply, leveling off. V declines slightly. BAR and BVR rise and stabilize. B and R show an initial spike before stabilizing or declining. A remains constant at a low level in all graphs.]
FIGURE 5
 Treatment with a bacteriostatic drug and a bacteriophage with differing dosing regimens. (A) A phage and then a bacteriostatic antibiotic. (B) A bacteriostatic antibiotic and then a phage. (C) Co-administration of a bacteriostatic antibiotic and a phage.




Bactericidal antibiotics

We continue our investigation of the dynamics of treatment without the immune system by studying the joint action of a bactericidal drug and a phage. Again, there are three distinct dosing regimens: phage first (Figure 6A), bactericidal drug first (Figure 6B), and co-administration of both the phage and antibiotic (Figure 6C). Our simulations provide the same predictions as those for the bacteriostatic drug. Indicating, that both bacteriostatic and bactericidal antibiotics can be equally as effective, however resistant will ultimately ascend.


[image: Three line graphs labeled A, B, and C display densities and concentrations over 180 hours. Each graph shows lines for B, V, BAR, BAVR, BVR, R, and A with varying trends. The BAVR line remains high after a steep increase around 20 hours, while V stabilizes. Other lines show initial spikes followed by leveling.]
FIGURE 6
 Treatment with a bactericidal drug and a bacteriophage with differing dosing regimens. (A) A phage and then a bactericidal antibiotic. (B) A bactericidal antibiotic and then a phage. (C). Co-administration of a bactericidal antibiotic and a phage.




Phage suppression of antibiotic resistance

One argument for the use of phages in combination with antibiotics is that the virus is able to suppress the antibiotic-resistant population. To address this hypothesis, in Figure 7 we consider a scenario where the majority of the bacteria are susceptible to an antibiotic, but there is a minor population at a ratio of 1:1,000 which is resistant to the treating drug (either a bacteriostatic drug as in Figures 7A, C or a bactericidal drug Figures 7B, D). When the phage is not present (Figures 7A, B) the antibiotic-resistant minority population is able to ascend to dominance and treatment fails. While, when the phage is present, the antibiotic-resistant population is rapidly controlled, but a population which is resistant to both the phage and antibiotic ascends to dominance; however, the emergence of this double-resistant population takes twice as long to ascend to dominance.


[image: Four line graphs labeled A, B, C, and D show changes in densities and concentrations over time in hours, ranging from 0 to 180. Each graph includes lines labeled BAR, BAVR, BVR, R, B, V, and A, with varying trajectories and values on a logarithmic scale from 10∧0 to 10∧9. Graphs A and B show BAR as high and constant, while in C and D, BAVR is predominant. BVR and other variables exhibit fluctuating patterns across graphs.]
FIGURE 7
 Invasion when rare of antibiotic-resistant bacteria. (A) A population of 1E7 antibiotic-sensitive bacteria and 1E4 antibiotic-resistant bacteria treated with a bacteriostatic antibiotic. (B) A population of 1E7 antibiotic-sensitive bacteria and 1E4 antibiotic-resistant bacteria treated with a bactericidal antibiotic. (C) A population of 1E7 antibiotic-sensitive bacteria and 1E4 antibiotic-resistant bacteria treated with a bacteriostatic antibiotic and bacteriophage. (D) A population of 1E7 antibiotic-sensitive bacteria and 1E4 antibiotic-resistant bacteria treated with a bactericidal antibiotic and a bacteriophage.




Antibiotic suppression of phage resistance

Finally, we address the same situation as in Figure 7 but instead consider that a phage-resistant population is the minor population present at the initiation of treatment. As expected, in Figure 8A, when treated with just the phage, the phage-resistant population ascends to a majority. As in Figure 7, when treated with either a bacteriostatic (Figure 8B) or bactericidal antibiotic (Figure 8C) in conjunction with the phage, the initial phage-resistant population is controlled, but a population resistant to both treating agents emerges. In this case, the double-resistant mutant takes approximately four times as long to dominate as the single-resistant population.


[image: Three line graphs labeled A, B, and C show densities and concentrations over time in hours. Each graph tracks various elements: B, V, R, BVR, BAVR, BAR, and A. Graph A highlights BVR and V with high values, while Graph B shows BAVR and V having prominent lines. Graph C depicts BAVR with the highest values, followed by V. All graphs illustrate similar trends with variations in element prominence.]
FIGURE 8
 Invasion when rare of phage-resistant bacteria. (A) A population of 1E7 phage-sensitive bacteria and 1E4 phage-resistant bacteria treated with a bacteriophage. (B) A population of 1E7 phage-sensitive bacteria and 1E4 phage-resistant bacteria treated with a bacteriostatic antibiotic and a phage. (C) A population of 1E7 phage-sensitive bacteria and 1E4 phage-resistant bacteria treated with a bactericidal antibiotic and a phage.





Single agent treatment and the innate immune system

Given the above results where we do not consider the impact of the innate immune system, we continue our modeling by considering similar situations but with the immune response.


Antibiotics and the innate immune system

Given the consideration of the immune system alone in Figure 1, we begin this section, by considering the interaction of antibiotics and the immune system. With both bacteriostatic and bactericidal drugs (Figures 9A, B, respectively), the immune system and the antibiotics together rapidly clear the infection, and antibiotic-resistant populations do not appear. Moreover, if the antibiotic-resistant populations are present initially (Figures 9C, D), they are rapidly lost as well.


[image: Four line graphs labeled A, B, C, and D show densities and concentrations over time in hours. Each graph displays colored lines representing variables: I (magenta), IB (pink), B (dark blue), R (light blue), and A (gray). Graphs C and D also have a green line for BAR. The x-axis represents time, and the y-axis represents densities on a logarithmic scale. The behavior of lines varies slightly across the graphs, indicating differing interactions and dynamics among the variables.]
FIGURE 9
 The interaction of antibiotics and the innate immune system. (A) A population of 1E7 bacteria treated with a bacteriostatic drug in the presence of the immune system. (B) A population of 1E7 bacteria treated with a bactericidal drug in the presence of the immune system. (C) A population of 1E7 bacteria and 1E4 antibiotic-resistant bacteria treated with a bacteriostatic drug in the presence of the immune system. (D) A population of 1E7 bacteria and 1E4 antibiotic-resistant bacteria treated with a bactericidal drug in the presence of the immune system.




Phage and the innate immune system

In Figure 10, we consider the same situation as in Figure 9 but instead treat with a lytic phage. As in the previous section, the phage and the immune system can rapidly clear the infection (Figure 10A) and minor phage-resistant populations do not ascend (Figure 10B).


[image: Graphs labeled A and B show densities and concentrations over 180 hours. In both, lines represent different variables: V (teal), R (light blue), I (pink), B (dark blue), IB (light pink), and BVR (orange, only in B). V decreases slightly initially then stabilizes. I, R, and B mostly remain constant, while IB decreases significantly. BVR in B shows a steep initial decrease to stabilize at a low level.]
FIGURE 10
 The interaction of bacteriophage and the innate immune system. (A) A population of 1E7 bacteria when treated with phage in the presence of the immune system. (B) A population of 1E7 phage-sensitive bacteria and 1E4 phage-resistant bacteria treated with a phage in the presence of the immune system.





Phage, antibiotics, and the innate immune system

We next expand our consideration of the joint action of treatment and the immune system to situations where phage and antibiotics are used in conjunction.


Bacteriostatic antibiotics

First, we evaluate the dynamics of infection when treated with a bacteriostatic drug and a lytic phage in the presence of the immune system. As above, we consider the effects that dosing order has on treatment outcome (Figure 11) and find that the effect of treatment dosing order is minimal, and all condition are capable of clearing the infection without the ascent of resistance. Although, the condition where the bacteriostatic drug is administered first does have the highest time to clearance (Figure 11B).


[image: Graphs labeled A, B, and C display changes in densities and concentrations over 180 hours on a logarithmic scale. The graphs include series for V, I, B, IB, R, and A, showing distinct trends for each. Initial values vary, with V generally highest and A lowest.]
FIGURE 11
 Treatment with a bacteriostatic antibiotic and a phage with differing dosing regimens in the presence of the immune system. (A) A phage and then a bacteriostatic antibiotic. (B) A bacteriostatic antibiotic and then a phage. (C) Co-administration of a bacteriostatic antibiotic and a phage.




Bactericidal antibiotics

We determine the effect of dosing order for a bactericidal drug and phage with the innate immune system as in Figure 11. The results of these simulations in Figure 12 are parallel to those in Figure 11, once again demonstrating that there is no effect on treatment outcome with dosing order or using a bacteriostatic vs. a bactericidal drug. However, the time to clearance is once again longer when the antibiotic is applied first (Figure 12B).


[image: Three graphs labeled A, B, and C show densities and concentrations over 180 hours. The y-axis is logarithmic, ranging from 10∧0 to 10∧10. All graphs depict curves for variables V, I, IB, R, B, and A, showing similar trends: V and I remain high, IB decreases sharply, and R, B, and A remain low.]
FIGURE 12
 Treatment with a bactericidal antibiotic and a phage with differing dosing regimens in the presence of the immune system. (A) A phage and then a bactericidal antibiotic. (B) A bacteriostatic antibiotic and then a phage. (C) Co-administration of a bactericidal antibiotic and a phage.




Suppression of resistance

Once again, the logic of using multiple treating agents is predicated upon the suppression of resistance. We finally consider three situations where a minor population is resistant to either one (Figures 13A, B) or both treating agents (Figure 13C). Ultimately, our results indicate that resistant subpopulations, regardless of what they are resistant to, will not ascend under treatment when the immune system is present. Interestingly, when a population that is resistant to both the phage and a bactericidal drug is initially dominant and at a very high density, treatment can still control and eventually clear the infection (Figure 13D).


[image: Four graphs labeled A through D show densities and concentrations over 180 hours, with varying lines for different variables such as “V,” “I,” “BAR,” “BVR,” “BAVR,” “IB,” “R,” and “A.” Each graph displays changes in the lines' behavior over time, illustrating different patterns of interactions among the variables.]
FIGURE 13
 The ability of the immune system to suppress resistance. (A) A population of 1E7 antibiotic-sensitive bacteria and 1E4 antibiotic-resistant bacteria treated with a bactericidal drug and a phage in the presence of the immune system. (B) A population of 1E7 phage-sensitive bacteria and 1E4 phage-resistant bacteria treated with a bactericidal drug and a phage in the presence of the immune system. (C) A population of 1E7 phage-sensitive and antibiotic-sensitive bacteria and 1E4 phage-resistant and antibiotic-resistant bacteria treated with a bactericidal drug and a phage in the presence of the immune system. (D) A population of 1E7 phage-sensitive and antibiotic-sensitive bacteria and 1E9 phage-resistant and antibiotic-resistant bacteria treated with a bactericidal drug and a phage in the presence of the immune system.





A model of phage cocktails

Motivating the use of cocktails of phage, rather than a single phage, for treatment is the suppression (or elimination) of phage-resistant mutants. Here, we consider a model where treatment can be with up to three phages and bacteria resistant to each phage and the various combinations of the three phages can emerge. This model does not have the innate immune system, nor does it have antibiotics.


Single phage treatment

In the absence of the immune system, when a single phage is used for therapy, resistance to the treating phage very rapidly ascends to dominate and treatment fails (Figure 14). However, the phage is maintained over time due to the transition from the resistant state to the sensitive state.


[image: Three line graphs labeled A, B, and C show densities and concentrations over time in hours, ranging from zero to seven-twenty-three. Each graph contains multiple colored lines representing different variables like BR1, V1, BR2, V2, BR3, and others. The y-axis scale is logarithmic from ten to the first power to ten to the tenth power. Graphs illustrate changes in densities and concentrations for each variable, with some lines remaining constant and others fluctuating over time.]
FIGURE 14
 Treatment with a single phage. (A) Treatment with Phage 1. (B) Treatment with Phage 2. (C) Treatment with Phage 3.




Two phage treatment

We then consider a situation where two phages are used in combination (Figure 15). Notably, the time before the mutant resistant to both treating phages ascends to dominance is longer than when one phage is used for treatment. However, since this model is stochastic, there is variability when the single-resistant mutants emerge and thereby variability in when the double-resistant mutants emerge.


[image: Three graphs labeled A, B, and C show the densities and concentrations over time in hours, ranging from zero to seven hundred twenty. Each graph includes multiple colored lines representing different variables, such as BR12, BR23, V1, V2, BR123, and more, indicating their changes across the timeline. Error bars are present, showing variability in data. The y-axis is logarithmic, ranging from ten to the power of one to ten to the power of ten. Each line has a distinct pattern and color for identification.]
FIGURE 15
 Treatment with two phages. (A) Treatment with Phage 1 and Phage 2. (B) Treatment with Phage 2 and Phage 3. (C) Treatment with Phage 1 and Phage 3.




Three phage treatment

Finally, under treatment with three phages (Figure 16), single phage-resistant mutants arise at various times and give way to double-phage resistant mutants, before the triple-phage resistant mutants ultimately arise and dominate such that treatment fails, but it takes longer for treatment with three phages to fail compared to treatment with two phage and substantially long to fail that treatment with one phage.


[image: Line graph showing densities and concentrations over time in hours. Various lines represent different groupings (BR123, V1, V2, V3, BR12, BR13, BR23, BR1, BR2, BR3), with fluctuating trends. The y-axis ranges from 102 to 101, and x-axis from 0 to 720 hours. Error bars indicate variability at some time points.]
FIGURE 16
 Treatment with three phages. Treatment with Phage 1, Phage 2, and Phage 3.






Discussion

Motivated by the well-warranted concern about the antibiotic-resistance crisis, there has been an increase in studies on the treatment of bacterial infections (Ventola, 2015). There is no shortage of treatment options for infections given the numerous types and classes of antibiotics as well as burgeoning complementary therapies such as the use of bacteriophages (phages). However, many of the studies neglect the role of the host in the dynamics of infections, particularly the role of the innate immune system (Modlin, 2012). To lay the foundation for further experimental studies, in this report, we create two mathematical and computer-simulation models that generate testable hypotheses about the population and evolutionary dynamics of bacterial infections under treatment with antibiotics and phage in the presence of the host's innate immune system.

The results of the analysis of our models underscore the need to consider the role of the innate immune system in subsequent experimental studies. In the absence of the immune system, resistance to the treating agent invariable emerges independent of the treating agents or the regimens in which they are employed. On the other hand, when the immune system is present, resistance does not emerge; indeed, even when a high density of pan-resistant bacteria is present, the infection can still be controlled with treatment. As previously reported with numerous in vitro and in vivo studies, the difference in treatment outcome with bacteriostatic and bactericidal antibiotics is de minimis (Berryhill et al., 2023b; Wald-Dickler et al., 2018).

The predictions of this theory are also congruent with previous results that demonstrate that phage can be as effective as antibiotics in controlling infections (Lin et al., 2017). This model also provides support for the intuitive conclusion that more phages are better than fewer phages. While resistance to multiple treating phages does ultimately emerge, the time for resistance to dominate for one treating phage is measured in hours, while the time for resistance to dominate for three treating phages is measured in days.

As with all purely theoretical studies, we have had to make assumptions about the parameters which we could not find in previous reports. One key parameter to which the model is incredibly sensitive which has not been estimated is the rate of phagocyte gobbling. For this report, we have elected to use a phagocyte gobbling rate constant that keeps the density of the infecting bacteria steady without the presence of any treatment. This assumption allows for us to determine the potential impact that the treatments and their order are having on the dynamics of the infection. However, these immune parameters, and moreover, all the parameters used in this study can be readily estimated experimentally.

Taken together, the analysis of our mathematical and computer-simulation models makes highly testable predictions about the dynamics of treatment which could be supported or rejected by using a mix of in vitro and in vivo models. It is the intent of these authors to explore the validity of the hypotheses generated above with the Galleria mellonella infection model system (Berryhill et al., 2024). Be that as it may, these predictions are agnostic to the experimental system and the hypotheses could easily be tested in other systems such as cell culture or mice (Carryn et al., 2002; Anderson et al., 2019).



Materials and methods


Numerical solutions (simulations)

For our numerical analysis of the coupled, ordered differential equations presented (Equations 1–12), we used Berkeley Madonna with the parameters presented in Table 2 (Macey et al., 2000). Copies of the Berkeley Madonna programs used for these simulations are available at www.eclf.net.
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