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Abstract

Angiotensin converting enzyme (ACE) plays an important role in blood pressure control. ACE 

also has effects on renal function, reproduction, hematopoiesis and several aspects of the immune 

response. ACE 10/10 mice over express ACE in monocytic cells; macrophages from ACE 10/10 

mice demonstrate increased polarization towards a proinflammatory phenotype. As a result, ACE 

10/10 mice have a highly effective immune response following challenge with either melanoma, 

bacterial infection or Alzheimer’s disease. The ACE 10/10 mice suggest that enhanced monocytic 

function greatly contributes to the ability of the immune response to defend against a wide variety 

of antigenic and non-antigenic challenges.
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Introduction

The renin angiotensin system is a series of enzymes and substrates that plays a central role 

in blood pressure control (Corvol et al., 2004). Angiotensinogen, a protein produced by the 

liver, is cleaved by renin to release the amino terminal 10 amino acid, a peptide called 

angiotensin I. This is further cleaved or ‘converted’ to the 8 amino acid peptide angiotensin 
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II by angiotensin converting enzyme (ACE). Angiotensin II binds to cell surface receptors 

found in many tissues, initiating a coordinated series of physiologic changes that reduces 

renal sodium excretion and increases peripheral vascular smooth muscle constriction. The 

net result is blood pressure elevation. Renin, an aspartyl protease, is the major enzyme 

regulating angiotensin II production and ultimately the role of the RAS in blood pressure 

control. ACE, the second enzyme in this system, is very different from renin. It is a zinc-

dependent dicarboxypeptidase that cleaves many different peptides in addition to 

angiotensin I.

While the RAS was initially studied for its role in blood pressure control, a mountain of 

evidence now suggests that the role of the RAS is far more complex than originally 

envisioned (Bernstein et al., 2013). This is because angiotensin II has many effects beyond 

those directly related to blood pressure. Further, ACE, a relatively non-specific peptidase, 

can cleave a variety of peptide substrates with diverse physiologic effects. This review will 

focus on the several roles of ACE and emphasizes the newly recognized role of this 

peptidase in the immune response. Most of these new observations benefit from mouse 

models that contain mutations in the ACE gene. Several groups have studied ACE null mice. 

In addition, we have used gene targeting approaches to substitute tissue specific promoters 

in place of the natural somatic ACE promoter. This results in ACE expression by those 

mouse tissues recognizing the ‘new’ ACE promoter.

ACE null mice

A detailed analysis of a mouse null for all ACE expression clearly defined some of the 

central roles of this peptidase (Krege et al., 1995; Esther et al., 1996). Null animals 

(knockout out, KO) have a blood pressure far lower than wild type (WT) mice. Further, 

male ACE KO mice also reproduce very poorly due to their lack of a testis specific isozyme 

of ACE, often termed testis ACE. An ACE null mouse produces large amounts of a dilute 

urine; in the absence of a functional RAS, renal dysfunction is caused by both the lack of 

angiotensin II and renal structural defects secondary to the very low intrauterine blood 

pressure present in the fetus. Finally, ACE null mice have defects in hematopoiesis. Such 

animals are anemic due to the lack of angiotensin II production (Cole et al., 2000). ACE null 

mice also have developmental defects of myelopoiesis and in the functional behavior of 

macrophages (Lin et al., 2011).

Recent studies have identified a very unexpected role for ACE, namely as an enzyme that 

participates in shaping the peptide repertoire displayed on the surface of cells as part of the 

MHC class I complex (Shen et al., 2011). With the exception of red blood cells, all cells 

express MHC class I molecules. These molecules identify tissues as ‘self’; tissues bearing 

syngeneic MHC class I molecules are ignored by the immune system. MHC class I 

molecules are composed of two protein chains which are assembled in the endoplasmic 

reticulum (ER). There, MHC class I molecules bind peptides derived from the degradation 

of cellular proteins. In the presence of viral infection, or following organ transplantation, the 

immune system detects the cell surface display of MHC class I bound peptides that are not 

‘self’. Cells displaying such peptides are then destroyed.
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While several different approaches were used to explore the role of ACE in shaping the 

MHC class I peptide repertoire, perhaps the critical experiments were cross immunization 

studies in which macrophages or splenocytes were transferred from a donor mouse wild-

type for ACE into a recipient KO mouse lacking ACE (Shen et al., 2011). Equivalent 

experiments were also performed with an ACE KO donor and a WT ACE recipient, as well 

as control experiments in which WT was transferred into WT and KO into KO. All other 

aspects of the immune makeup of these mice was carefully controlled, including the MHC 

class I alleles and the sex of the animals. Normally, the transfer of macrophages from one 

mouse (for example C57BL/6) to a mouse with an identical genetic background does not 

result in activation of the immune response. However, when tissues from either an animal 

WT for ACE (or null for ACE) was transferred into an animal null for ACE (or WT for 

ACE), the result was immune activation in the recipient, as detected by CD8+ T cell 

cytokine expression. While it was previously recognized that peptides for MHC class I 

display were trimmed in the endoplasmic reticulum by aminopeptidases, this was the first 

solid evidence that a carboxypeptidase, specifically ACE, played a role in C-terminal 

cleavage and the shaping of the MHC class I peptide repertoire. Additional data indicates 

that infection induces ACE upregulated by macrophages and dendritic cells (Shen et al., 

2011). It should be noted that there is no evidence of autoimmunity in humans taking ACE 

inhibitors.

ACE over expression in myelomonocytic cells

In addition to affecting MHC peptide repertoire, ACE has been shown to have a number of 

other effects on the immune response. Perhaps most dramatic is a mouse model, called ACE 

10/10, in which the natural ACE gene was modified such that ACE expression is regulated 

by the c-fms promoter (Shen et al., 2007). The result is that these animals markedly over 

express ACE in myelomonocytic cells, particularly monocytes and macrophages. Further, 

since endothelial cells do not normally transcribe the c-fms protein (the receptor for 

macrophage colony-stimulating factor), they do not express ACE in the ACE 10/10 mouse. 

Nonetheless, these mice have normal blood pressure and normal basal renal function.

The first experiment to reveal a unique immune response in ACE 10/10 mice was when 

these animals were challenged with the B10 melanoma cell line. Typically, two weeks 

following an intra-dermal injection of tumor cells, mice present with local melanotic 

nodules. Remarkably, ACE 10/10 mice developed very much smaller tumors than control 

mice, irrespective of genetic background (Figure 1) (Shen et al., 2007). Further, the number 

of inflammatory cells observed adhered to endothelial cells and within tumor tissue was 

much higher in the ACE 10/10 mice. Additional experiments defined several aspects of the 

immune response that were unique in these animals. As compared to WT mice, 

macrophages from ACE 10/10 mice make more of the pro-inflammatory cytokines IL-12 

and TNF-α; ACE 10/10 cells make less of the anti-inflammatory cytokine IL-10. Also, ACE 

10/10 macrophages express increased amounts of iNOS and NO. These and other 

phenotypic characteristics of the monocytic immune response are often referred to as an M1 

pattern of macrophage differentiation (Mantovani et al., 2004). These cells are pro-

inflammatory and associated with a vigorous response to immune challenge by tumor or 

bacterial infection. Indeed, when ACE 10/10 mice were challenged with the bacteria L. 
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monocytogenes or methicillin resistant S. aureus (MRSA), infection was cleared more 

rapidly in ACE 10/10 mice as compared to WT animals (Okwan-Duodu et al., 2010).

Macrophages have diverse physiologic roles, varying from processing and presenting MHC 

antigens, to the phagocytosis and killing of bacteria, and even the downregulation and 

termination of immune reactions. A variety of studies in the ACE 10/10 model indicate that 

under basal conditions there was no intrinsic activation of the immune response (Okwan-

Duodu et al., 2010). Only following challenge with a tumor, bacteria or virus did there 

appear to be an enhanced immune response. Further, the termination of the immune 

response appeared relatively normal. Immunologists have given the designation M1 and M2 

to extremes of macrophage behavior (Gordon and Taylor, 2005). The M1 cell is an 

aggressive cell that responds to bacteria or tumor with the goal of destroying the immune 

challenge. M2 macrophages are thought to suppress and help terminate the immune response 

leading to resolution of an inflammatory challenge. M2 like cells have been implicated as 

possibly contributing to tumor evasion of the immune response. In the case of the ACE 

10/10 mice, it appeared as if the monocytes and macrophages were M1-like. Put more 

simply, it seemed as if, in this animal model, monocytes and macrophages were more 

efficient at eliminating pathogens and cell debris than equivalent cells from a WT mouse.

One disease in which precipitated proteins are thought to be pathogenic is Alzheimer’s 

disease (AD). Several studies have implicated peptide breakdown products of amyloid 

precursor protein as being pathogenic (Selkoe, 2008). These amyloid β peptides are 

commonly 38–43 amino acids in length with the peptide Aβ1-42 thought to be most 

neurotoxic. Brain plaques typically associated with AD are insoluble precipitates of Aβ 

peptides. To investigate the ability of ACE 10/10 to affect the progression of AD, a mouse 

strain genetically prone to Alzheimer’s-like pathology (cerebral and hippocampal amyloid 

plaques and cognitive defects associated with aging) were crossed with ACE 10/10 mice 

(Bernstein et al., 2014). An extensive investigation of AD+ ACE 10/10 versus AD+ ACE 

WT/WT demonstrated significantly less Alzheimer’s pathology in the AD+ ACE 10/10 mice 

(Figure 2). For example, the Alzheimer’s associated plaque burden was reduced by as much 

as 79% at 7 months and 48% at 13 months in AD+ ACE 10/10 versus AD+ ACE WT/WT 

mice. However, most remarkable was the cognitive assessment of these mice as measured 

by a Barnes maze, which tests the ability of the animals to learn and remember the location 

of an escape box using spatial clues. Two cohorts of AD mice, aged 11 and 12 months, were 

evaluated by two separate groups of evaluators, blinded to the genotypes of the mice. This 

study showed that AD+ ACE 10/10 mice demonstrated cognitive learning ability essentially 

indistinguishable from similarly aged non-AD (normal) mice. In contrast, the AD+ ACE 

WT/WT mice demonstrated the expected cognitive defects due to the progression of the 

Alzheimer’s-like disease. Thus, in this study we took advantage of two features of the ACE 

10/10 model: over expression of ACE by monocytes and macrophages induces an enhanced 

immune response that appears to facilitate clearance of Aβ peptides, and the positioning of 

super physiologic amounts of ACE on the surface of monocytes and macrophages allows 

this enzyme to directly interact with and potentially cleave Aβ peptides into smaller peptide 

fragments.
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Perspective

ACE has been shown to be associated with the epithelioid histiocytes in sarcoid and perhaps 

other granulomatous processes (Kurata et al., 2005). Thus, it appears very likely that under 

natural conditions, the up-regulation of ACE expression is a part of the natural monocytic 

response to chronic immune challenge. In the ACE 10/10 mouse, monocytes and 

macrophages over express ACE by at least 16-fold (Shen et al., 2007). Such high level 

expression treats ACE almost as a drug, and undoubtedly reveals effects that are beyond 

those observed with the natural levels of ACE expression. Our discovery that ACE over 

expression in monocytes and macrophages markedly enhances the immune response was 

fortuitous. However, further research will be necessary to determine if the ACE 10/10 effect 

is unique or whether it is an exaggeration of the normal process of ACE over expression 

during macrophage activation. Whether normal or not, our studies have revealed a highly 

unexpected finding and have led to the development of a novel concept. The new finding is 

that, at least in mice, ACE over expression is associated with a substantially enhanced 

immune response observed with models of cancer, bacterial infection, viral challenge, and 

now Alzheimer’s disease. Perhaps even more important is the concept that the 

empowerment of macrophage function has profound consequences. For example, in 

atherosclerosis, it is commonly postulated that the development of foamy macrophages, 

macrophages incapable of dealing with the stress of oxidized lipid, directly contribute to the 

development of atherosclerotic plaque (Yu et al., 2013; Maiolino et al., 2013). In such a 

case, the failure of macrophages to dispose of the lipid and other cell debris is directly 

contributory to the major disease affecting Western societies. Understanding how to enhance 

macrophage function and perhaps endowing macrophages with increased capacity to clear 

toxic products, may provide a new approach to chronic diseases. Indeed, our findings with 

the ACE 10/10 mice suggest that enhanced monocytic function greatly contributes to the 

ability of the immune response to defend against a wide variety of both antigenic and non-

antigenic challenges.
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Figure 1. 
Reduced tumor size in ACE 10/10 mice. ACE 10/10 and WT mice received an intradermal 

injection of 1 × 106 B16-F10 myeloma cells. After 14 days, the mice were sacrificed and 

tumor size was measured. The top panel is a typical result where ACE 10/10 mice have 

much smaller tumors than WT mice. The bottom panel shows individual data points as well 

as the group means and the standard error of the mean.
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Figure 2. 
Reduced Alzheimer’s disease-like pathology in ACE 10/10 mice. (Top) All mice were 

genetically prone to develop Alzheimer’s-like disease; the mice were either ACE WT (left 

panels) or ACE 10/10 (right panels) for ACE expression. All mice were sacrificed at 255 

days Paraffin embedded brain sections were immunohistochemical stained for human 

amyloid β using the monoclonal antibody 6E10. (Bottom) Quantitative analysis indicates 

that there are far fewer amyloid plaques in the brains of ACE 10/10 mice than ACE WT 

mice.
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