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SUMMARY 

CD47 is a widely and moderately expressed glycoprotein on the surface of all healthy cells. Its 

expression became an interesting research area when cancer cells were known to have an 

increased CD47 expression and these findings were believed to be a cellular mechanism to 

evade being phagocytosed by macrophages. In addition to overexpression of CD47 by cancer 

cells, recent studies reveal that CD47 expression on poxviruses contributes to the virulence 

factor by decreasing both macrophage and T cell activation.  

We investigated the expression and upregulation of CD47 during LCMV, Friend virus, VSV, 

HCV, HIV, and bacterial infections. We further determined the mechanism of CD47 

upregulation and as an inhibitory molecule, we blocked the CD47 using the anti-CD47 antibody 

and evaluated the immune response and virus control in LCMV, VSV and HIV infection. 

Our findings from different mode of infections unanimously indicated an upregulation of CD47.  

The underlying mechanism for the CD47 upregulation is believed to be a general Toll Like 

Receptor activation, but cytokines such as IFNa, CXCL10 and TNFa were found to be 

important. We observed that the CD47 blockade significantly enhance not only innate immune 

response, as indicated by increased activation of macrophages, but also enhances the activation 

of DCs to induce better expansion of T cells in vivo and in vitro and faster LCMV clearance 

during acute infection. We further employed the antibody treatment in a distinct human virus 

model, the HIV in humanized mice. Our results show a similar pattern as that of the LCMV 

infection. The treatment with anti-CD47 antibody shows a reduced HIV antigen, and 

interestingly restores both the CD4 and CD8 T cell counts to a level comparable to healthy 

mice. Similar to LCMV and HIV, anti-CD47 antibody treatment shows an increased VSV-

neutralizing antibody response and better survival rate of mice infected with lethal dose of VSV.  

Our findings indicate that CD47 acts as a checkpoint molecule that not only keeps innate 

immune responses in check, but also has downstream effects on the activation of adaptive 

immune responses during infection.  

In conclusion, our study was novel in the infectious disease realm. With the observed broad 

applicability of the anti-CD47 antibody and its mechanisms of action, it could be applicable to 

non-resolving acute and persistent infections associated with Epstein-Barr virus, shingles, HPV, 

hepatitis B, and Herpes simplex virus 2 and could be amenable to therapy for infectious 

diseases. 
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Zusammenfassung 

CD47 ist ein Glykoprotein, das auf der Oberfläche aller gesunden Zellen in einem moderaten 

Level exprimiert wird. Es rückte in das Interesse wissenschaftlicher Forschung als gezeigt 

wurde, dass Tumorzellen eine verstärkte CD47 Expression aufweisen und damit einen 

zellulären Mechanismus verwenden, um die Phagozytose durch Makrophagen zu verhindern.  

Neben der Überexpression auf Tumorzellen zeigen neuste Studien, dass CD47 Expression auf 

Pockenviren als Virulenzfaktor wirkt indem Makrophagen und T Zell Aktivierung verringert 

wird. 

Wir untersuchten die Expression und Hochregulierung von CD47 bei LCMV, Friend Virus, 

VSV, HCV, HIV, bakteriellen und weiteren Infektionen, den Mechanismus der CD47 

Hochregulierung sowie CD47 als ein inhibitorisches Molekül. Des Weiteren inhibierten wir 

CD47 durch die Verwendung eines anti-CD47 Antikörpers und untersuchten die Immunantwort 

und Viruskontrolle nach LCMV, VSV und HIV Infektion. 

Unsere Ergebnisse aus verschiedenen Infektionsmodellen zeigten eine Hochregulierung von 

CD47. Der dahinterliegende Mechanismus scheint eine generelle Toll Like Rezeptor 

Aktivierung zu sein, bei der außerdem Zytokine wie IFNa, CXCL10 und TNFa eine wichtige 

Rolle spielen. Eine Blockade von CD47 verstärkt nicht nur signifikant die angeborene 

Immunantwort, wie erhöhte Aktivierung von Makrophagen, sondern aktiviert auch 

Dendritische Zellen und induziert damit eine bessere Expansion von T Zellen in vitro und in 

vivo. Das führt wiederum zu einer schnelleren Viruskontrolle nach einer akuten LCMV 

Infektion. Die Behandlung mit anti-CD47 Antikörpern zeigte eine Reduktion des HIV Antigens 

und glich die CD4/CD8 Level auf das der gesunden Mäuse an. Vergleichbar wie LCMV und 

HIV, führte  die anti-CD47 Antikörper Behandlung zu einer verbesserten VSV neutralisierende 

Antikörperantwort und damit zu einer verbesserten Überlebensrate der Mäuse. 

Unsere Ergebnisse weisen darauf hin, dass CD47 als Checkpoint Molekül agiert und dabei nicht 

nur die angeborene Immunantwort kontrolliert, sondern während Infektionen auch Downstream 

Effekte auf die Aktivierung der adaptiven Immunantwort hat. 

Zusammengefasst gibt unsere Studie neue Einblicke in das Gebiet infektiöser Krankheiten und 

zeigt eine breite Anwendbarkeit von anti-CD47 Antiköpern und seinem Wirkmechanismus. Es 

ist anwendbar für bis jetzt nicht behandelbare akute/persistierende Infektionen wie EBV, 

Herpes Zoster, HPV, Hepatitis B, HSV 2 und bietet einen möglichen neuen Therapiezugang 

von Infektionskrankheiten. 



3 
 

 

 

 

 

 

 

1 CHAPTER I: INTRODUCTION 

  



4 
 

1.1 Immune System 

The immune system is the host defense machinery which consists of biological structures and 

a range of processes that protect against invading pathogens such as viruses, fungi, bacteria, 

protozoa etc (1).  The overall function of the immune system is not just limited to defense, but 

also plays a fundamental role in development, reproduction, metabolism and crosstalk to other 

systems within the body (2).  

Human and other animals are continually exposed to pathogens and the possibility for the 

exposed pathogens to cause disease depend on the pathogenicity and most importantly the 

integrity of the host defense mechanisms (3). However, the skin plays a paramount role in 

immunological functions such as protection and maintenance of homeostasis (4). The host 

defense comprises of an interactive network of lymphoid organs (spleen and lymph node), 

immune cells (T-cells, macrophages, dendritic cell, B-cells, natural killer cells etc.), cytokines 

(interferon, interleukin etc.) and humoral factors (5, 6).  

 

Figure 1: Protective epidermis and dermis (Silva A.N et.al 2017) 

1.1.1 Innate Immunity 

The innate immunity is the primary and most critical in maintaining homeostasis, preventing 

and clearance of invading pathogens, and activation of the adaptive immunity (7). As the first 
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line of defense, the innate immune response comprises of physical and chemical barriers, 

humoral and cell-mediated components. The activation of the innate immune response is a 

result of the recognition of pathogen-associated molecule via the Toll-like receptor (TLR). The 

TLR is a cell-surface pattern recognition receptor responsible to stimulate the inflammatory 

response and phagocytosis in response to pathogen invasion. Macrophages, monocytes, 

neutrophils and DCs express a variety of TLRs that enable them to recognize and engulf 

pathogens resulting in cytokine production (8). The phagocytic cells and interferon are the main 

arms of innate immune response against infections (9). Infected cells produce interferon that 

inhibit virus replication and activate Natural killer cells and presence cytotoxic effect and can 

induce apoptosis of virus-infected cells and it is a vital innate immune cell. 

 

Figure 2: Innate immune cells activation and their interaction with other cells (Silva A.N 

et.al 2017). 

1.1.1.1 TLR-mediated innate immune recognition 

The innate immune system has evolved to recognize molecular patterns common to many 

classes of pathogens, these elements have been described as pathogen-associated molecular 

patterns (PAMP)(10). PAMPs are diverse and include lipopolysaccharides (LPS), aldehyde-

derivative proteins, mannans, teichoic acids, denatured DNA, and bacterial DNA (10). The 
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innate immune system recognizes PAMP using a group of germline-coded, evolutionary 

conserved proteins known as pathogen-recognition receptors (PRR) (10) (11). The Toll-like 

receptors (TLR) are a particularly important group of pathogen receptors as shown in TLRs are 

localized either at/in the cell surface such as TLR1, TLR2, TLR4, TLR5 and TLR6 or in the 

endosomal membrane such as TLR3, TLR7, TLR8, TLR9, TLR11, TLR12 and TLR13.  TLRs 

on the cell surface are largely involve in the detection of bacterial cell wall products in the 

extracellular space, while the endosomal TLRs detect nucleic acids of viral and bacterial origin 

according to the current view (Table 1). 

Table 1 TLR specific ligands and their origin 

TLR Ligand Origin 

TLR1/2  triacylated proteins Bacteria 

TLR2   lipoproteins,peptidoglycan, LTA, 

LPS, zymosan  

Gram-positive bacteria, fungi 

TLR2/6  diacylated proteins  Mycoplasma 

TLR3  dsRNA, Poly I:C  viruses, bacteria 

TLR4  LPS  Gram-negative bacteria 

TLR5  flagellin  flagellated bacteria 

TLR7  ssRNA, R848, Loxoribine, 

Imiquimod RNA  

viruses, bacteria 

TLR8  ssRNA, R848, Loxoribine RNA  viruses, bacteria 

TLR9  DNA, unmethylated CpG DNA  viruses, bacteria 

TLR10  RNA, proteins  viruses, Plasmodium 

TLR11  profilin, flagellin  Toxoplasma gondii 

TLR12  profilin  Toxoplasma gondii 

TLR13  Bacterial 23S rRNA segment 

"Sa19"  

Bacteria 

  

A key property of the innate immune system for instance, is the ability to recognize viruses as 

‘foreign’ (12, 13). Virus infection elicits potent responses in all cells intended to contain virus 

spread before intervention by the adaptive immune system. Central to this process is the virus-

elicited production of type I interferons (IFNs) and other cytokines (14). These are proteins 

present either in the cell cytoplasm or on cellular membranes, where they detect viral 

components. For example, the membrane-bound toll-like receptors (TLRs), sense viral 

glycoproteins, double-stranded RNA (dsRNA), single-stranded RNA (ssRNA) and the 

sequence CpG in viral DNA. Engagement of TLRs by these virus-specific ligands also leads to 

the synthesis of cytokines, albeit by different pathways.  
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Figure 3: Schematic illustration of toll-like receptors (TLR)-mediated signalling 

(Viruses 2014, 6 (12), 4999-5027) 

 

1.1.1.2 Macrophages 

Macrophages are the most widely distributed innate immune cell, strategically positioned and 

plays various role in both physiological, pathological and primarily function in recognition, 

phagocytosis and activation of the adaptive immunity during pathogen invasion or cancer(15, 

16) (17). Macrophages can acquire distinct morphological and functional effect depending on 

the microenvironment and inflammatory stimuli. For instance, IFN-y stimulates the 

polarization and activation of macrophages into M1 (inflammatory cells). These M1 

macrophages are characterized by their capacity to present antigens and inflammatory cytokines 

such as TNFa and IL-6 secretion. M2 macrophages on the other hand, are characterized by their 

minimal secretion of IL-4 and IL-13 and mainly involve in wound healing.(18, 19). Upon 

infection, macrophages engulf the invading pathogen (bacteria, virus, fungi, parasite etc.), 

present antigens and release cytokines. The antigen presenting capacity of macrophages helps 

in the bridging of the innate and adaptive immune responses (17). As professional phagocytic 

cells, macrophages mediated programmed cell removal is an important innate immune 

mechanism in disease elimination and its induction is countered by certain ‘’don’t eat me’’ 

signal such as CD47, CD24 etc. which binds to the inhibitory signal regulatory receptor on 

macrophages and thus inhibit phagocytosis(20). 



8 
 

1.1.1.3 Dendritic cells 

Dendritic cells are innate immune cells and mostly considered as the gatekeepers of the immune 

response (21). Developed from macrophage-DC progenitor from the bone morrow and further 

differentiate in to monocytes-DC progenitor. The DCs exhibit two distinct subsets 

(plasmacytoid and Conventional DCs) base on their role and origin. The pDCs are derived from 

the dendritic progenitor from the bone marrow and plays essential role in IFN production. The 

pre-DCs migrate into the tissue and differentiate into resident DCs called cDCs (22). The pDCs 

are characterized by a type-I IFN signature and express TLR7 and TLR9 (which sense viral 

nuclei acid) and promote antiviral immunity and can implicate in pathogenesis of autoimmune 

diseases (23, 24). DCs are the professional antigen presenting cells that present antigens through 

their MHC class molecules to T cells. As antigen presenting cells, DCs exhibit a unique 

endocytic and phagocytic properties. Unlike macrophages, DCs have the capacity to limit 

acidification of their phagosomes, prevent proteolytic degradation, delay fusion of phagosomes 

and export of phagocytosed antigens to the cytosol. These gave them the unique character to 

present antigens (25). Additionally, naïve and activated DCs can also exhibit antigen Cross-

presentation where antigenic peptides from phagocytosed antigen, death cells or infected cells 

are presented to CD8 T cells (26).  Apart from their distinct role in endocytosis, phagocytosis 

and antigen presentation, the DCs are specialized sentinels and serve to maintain immune 

homeostasis by regulating the balance between protective and tolerance through the secretion 

of anti-inflammatory cytokines that induces naïve T and B cells to differentiate in to Tregs or 

B cells(21). 

 

Figure 4: Human Dendritic cells differentiation (Shortman K. et.al 2002) 
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1.1.1.4 Natural Killer Cells 

NK cells are innate lymphoid cells that can exhibit cytotoxic attack without necessarily having 

prior antigen priming and thus essential against infections. NK cell activation is as a result of 

the interaction of activating receptors such as NKG2C, NKG2D, and natural cytotoxicity 

receptors NKp30, NKp44 and NKp46 with their putative ligands (27). During viral infection, 

NK cells are also activated by IFN-I and exhibit cytotoxic effects triggered by perforin (28). 

As one of the most predominant cell in the liver, NK cells are protective in killing viral 

infected cells during infection, limiting fibrosis via eliminating hepatic stellate cells but they 

can be deleterious by killing hepatocytes and downregulating T cells (29). The two most 

known NK cells killings are either by cytotoxic granule exocytosis or by induction of death 

receptor-mediated apoptosis (30). These NK cells mediated killing of virus infected cells have 

antiviral effect, however, during chronic virus infections, NK cells attack antiviral T cells and 

thereby limit T cell immunity (31). 

 

Figure 5: Natural Killer cells activation and function (Colonna M. et.al 2011) 

 

1.1.1.5 Interferon  

Interferon is most important innate immune cytokine produced in response to pathogen invasion 

(32). Upon infection, IFN-alpha/beta are produced after interaction between the pathogen-

associated molecules and PRRs such as mannose receptor, TLR and cytosolic receptors. These 

interactions signal downstream activation of  transcription factors such as IFN regulatory factor-
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3 (IRF-3), IRF-5, IRF-7, c-Jun/ATF-2, and NF-kappaB, and can in turn induce a large number 

of interferon-stimulated genes, which possess diverse anti-microbial and regulatory functions. 

IFNs play a pivot role in the outcome of an infection and contribute to both induction and 

regulation of innate and adaptive antiviral mechanisms (33). The type I interferons mediate 

their immune-modulatory function by binding to the IFNa-receptor on the cell surface, thereby 

activating signal transduction pathways through STATs and IRFs to upregulate networks of 

anti-microbial genes. Depending on the invading pathogen and the type of PRR activated, the 

interferon response differ. For instance, double-stranded RNA virus (e.g Rotavirus) and 

bacterial lipopolysaccharide trigger TLR3 and TLR4, respectively, to activate the TRIF/IRF3 

pathway to rapidly transcribe Ifn genes. Downstream of TLR3 activates IRF3 within 1 to 2 

hours and TLR4 stimulation lead to a robust STAT1 phosphorylation downstream of IFNAR 

signaling also observed by 2 hours, leading to high production of IFNb. Unlike TLR3 and 

TLR4, cytosolic nucleic acid sensing via cGAS (DNA-sensing) or RIG-I (RNA-sensing) 

pathways require overnight, STING or RIG-I mediated transcription of Ifn genes require 3-4 

hours with STAT1 phosphorylation downstream of IFNAR feedback starting at 3-4 hours and 

peaking at 5-6 hours (34). Apart from its anti-microbial role in innate immune response, IFN-I 

signaling on T cells prevent their elimination in vivo. The IFN-I triggered the expression of 

selected inhibitory NK-cell-receptor ligands, IFN-I is a key player regulating the protection of 

T cells against regulatory NK cell function (28). 
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Figure 6: Interferon signaling (Wang H. et.al 2017) 

 

1.1.1.6 Interleukins 

Interleukins are subsets of cytokine that are mainly secreted by monocytes, macrophages, DCs 

and epithelial cells. The most important ILs are IL-1, 4, 5, 6, 10 and 12. The IL-1 participate in 

regulation of immune response and inflammatory reactions (35). IL-6 functions in 

inflammation and are  important mediator in the regulation of the acute-phase response to 

infection and plays crucial role in hematopoiesis (36). In additional to the infection model, IL-

6 is one of the major cytokines in the tumor microenvironment and blocking IL-6 is a potential 

anti-tumor therapy (37). IL-10 is an anti-inflammatory cytokine produced mainly by 

macrophages and other immune cells such as DCs, T cells, and B cells. IL-10 plays a negative 

regulatory role in immune response to infection and the loss of IL-10 results in excessive 

immune response (38). IL-12 are mostly produce by macrophages and DC and can activate NK 

cells and T cell immunity (39). 
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1.1.2 Adaptive Immunity 

The adaptive immunity is a cell-mediated and humoral response as a result of series of cell-cell 

and cytokine mediated communication from the innate immune response (40). The adaptive 

immune cells consist of B and T cells which are both derived from the bone marrow. T cells 

mature in the thymus and later differentiate in to CD8 and CD4 and exhibit cytotoxic mediate 

cell killing of infected cells. The B cells are the main producer of antibodies that bind to the 

specific antigen thereby enhancing phagocytosis and disrupt or block the spread of infection. 

Most infections are cleared during innate immune response, notwithstanding, some infections 

can escape the innate immunity and therefore, a strong adaptive immune response is required 

for clearance and control of such infections (41). 

1.1.2.1 T cells activation 

T cell activation is crucial event for the initiation of adaptive immune response. This leads to 

development of cell-mediated immune mechanism via cytotoxic CD8 T cell and help increase 

B cell antibodies response via the actions of CD4 T cell. Therefore, T cell activation is required 

for the initiation and regulation of adaptive immunity (42, 43). Their activation require two 

independent signaling for full activation. Primary signaling is the interaction between T-cell 

receptor/CD3 with antigenic peptide complex via MHCs on antigen-presenting cell such as the 

DCs (44). This primary interaction is essential but not enough, a secondary signal through the 

interaction of CD28 expressed on T cells with CD80/CD86 (B7-1/B7-2) expressed on APCs 

(45). This co-stimulation signal leads to T cells activation, proliferation, functional 

differentiation into effector T cells and production of cytokine (46). TCR interaction with 

peptide-MHC in absence of co-stimulation, switches off T cells and they will not respond 

appropriately. Additionally, the CD28 engagement also result in CD40L expression on CD4 T 

cells and the interaction between CD40-CD40L lead to CD4 T cell proliferation (47). 
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Figure 7: Antigen presentation and T cell action and differentiation (Bonneville M. et.al 

2010) 

 

1.1.2.2 T cells effector 

Effector cytotoxic CD8 T cells are selective serial killers of target cells expressing specific 

antigen. Once T cells are activated, it leads to several cytokines production through NF-kB. IL-

2 is produced by activated cells and it in turn act on the same T cell to produce more IL-2 and 

IL-2 receptor. IL-6, IL-4, IFN-g, chemokine receptors are known to increase following T cells 

activation (45). Upon activation, T cells expand and receive cytokine signal and thereby 

differentiate in to effector T cells. The secretion of IFN-g, Granzyme B and perforin mediated 

cell killing are crucial for host defense in several ways. Granzyme B and Perforin polymerize 

and form pore on target cells and can mediated apoptosis of targeted cells, IFN-g on the other 

hand, can inhibit viral replication, increase MHC-I expression and activate macrophages(48) 

(49). 

Effector CD4 T cells mediates multiple role in adaptive immunity (50). Activated CD4 cells 

differentiate in to subsets based on the cytokine signal they received. Th1 cells secrete IFN-

gamma that activate macrophage to mediate intracellular bacterial and viral destruction. Th2 

cells express CD40L that binds to the CD40 on B cells and lead to the IL-4, IL-5 and IL-13 that 
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help in B cells response. The Th17 cells are characterized by IL-17 and IL-22 secretion and 

important for fungal and bacterial infection. T-regulatory cells are immunosuppressive 

characterized by the expression of FoxP3 and production of inhibitory cytokines such as TGF-

b and IL-10 (51, 52). However, the effector CD8 T cells express (cytotoxic lymphocytes 

antigen-4 (CTLA-4 or CD152) which is an inhibitory molecule that binds to CD80 and CD86 

to avoid further activation of the same activated T cells. Both activated CD4 and CD8 T cells 

express Fas ligand, which can also activate apoptosis (53).  

1.1.2.3 T cells exhaustion 

T cell exhaustion is a required phenomenon to avoid host immunopathology mediated by 

effector cytotoxic CD8 T cells (54). As a state of T cell dysfunction, T cell exhaustion is defined 

by expression of inhibitory receptors and transcriptional state different from that of functional 

effector or memory T cells. It also involve the elimination of antigen specific T cells (55). 

Exhausted CD8 T cells are mainly characterized by the loss of IL-2, reduced production of 

Granzym B, perforin, TNF, IFN-g, chemokines and other cytokines. The expression of PD-1 is 

a common attributed marker on exhausted T cells, however, KLRG1 expression increase in 

these T cells. T cell exhaustion is usually known in CD8 cells, however, CD4 T cells has been 

reported to be functionally exhausted in certain chronic infections (56-58). 

1.1.2.4 Memory T cells 

Approximately 5–10% of the effector T cells persist and differentiate into memory T cells such 

as central memory, effector memory, and tissue resident memory T cells. Most of these effector 

cells undergo apoptosis while others persist and form memory T cells. (59). Memory T cells 

are antigen-specific that persist after the infection is been cleared and can quickly expand in to 

effector T cells during a re-exposure of the same specific antigen, thus providing a rapid 

response and infection control (60). Memory T cells can be either CD4 or cytotoxic cells and 

are characterized by CD45 expression as surface protein (61, 62).  

1.1.2.5 B Cells 

B cells are the primary immune component of humoral adaptive immunity and responsible for 

the production of antigen-specific Immunoglobulin Ig (63, 64). B cells are produced in the bone 

marrow and most of the immature B cells expressing BCR expresses IgM. These cells migrate 

to the spleen and differentiate into mature Follicular or Marginal Zone B cells. In addition to 

the FO and MZ B cells, there exist a B1 cells that are distributed in other peripheral organs and 

tissues. Follicular B cells are the conventional B lymphocytes and more numerous than all the 

other B cells subsets (65). The mature follicular B cells circulate between the secondary 
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lymphoid organs in search for antigens. Upon an interaction with an antigen and additional help 

from the T cells, they can exhibit different developmental processes. They initially undergo 

plasmatic differentiation and form IgM secreting plasma cells. Since these cells do not have a 

somatic mutation of the Ig genes, they have a short life span but they are essentially the 

providers of rapid initial response against an antigen (66). A class switch, which is a more 

antigen specific antibody response, it is as a result of B cell proliferation accompanied by 

affinity maturation and an interactive Ig gene mutations and selections. These processes result 

in a B cell pool which can bind to antigen with the highest affinity (67, 68). 

 

Figure 8: B cell activation and response (Westley H. et.al 2007) 

 

1.1.2.6 B cell activation 

B cell activation and differentiation into effector, plasma or memory B cells are triggered by 

the nature of the antigen (e.g. virus), TLR signals, cytokines and co-stimulatory helper/ signals 

coming from CD4 T cells (63). For instance, polysaccharide can activate MZ B cells 
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independent of T cell help. However, unlike FO B cells, B1 and MZ B cells express TLRs in 

their nascent state, which allow them to integrate signals from TLR ligands derived from 

pathogens or damaged cells, along with antigen recognition to differentiate rapidly into IgM or 

isotype-switched short-lived plasma blasts and memory B cells. MZ B cells also interact with 

other helper cells, such as natural killer T cells, neutrophils, and DCs, that provide cytokines 

and costimulatory signals, facilitating limited somatic hyper-mutation and antibody 

diversification. Thus, B1 and MZ B cells generate predominantly low-affinity IgM or isotype-

switched IgG antibodies independent of conventional T-cell help (69-71). 

Antibodies secreted by B cells are immunoglobulin, a glycosylated protein that bind and 

neutralize their targeted antigens. An Ig molecule consists of four protein chains: two “heavy” 

and two “light,” linked to each other by disulfide bonds. The N-terminus regions of the heavy 

and light chains, which collectively make up the antigen-binding site, are where the variability 

between one antibody molecule and another resides, hence determining specificity (72). There 

exist five antibodies (IgM, IgD, IgG, IgA, and IgE), and they are distinguished according to the 

C-terminus regions of the heavy chains. In addition, there are four subclasses or isotypes of IgG 

antibodies (IgG1, IgG2, IgG3, and IgG4). Antibodies exert effector functions in three principal 

ways: They neutralize their targets (e.g., they bind to a virus and prevent it from entering a cell), 

they activate macrophages and other immune cells by binding to Fc receptors (FcRs) that 

recognize the constant regions of specific antibody classes, or they can activate the classic 

pathway of the complement system (68, 73, 74). 

1.1.2.7 B cell regulatory response 

B cells can also exhibit regulatory effects as some subset of B cells prime adaptive CD4 cells, 

not CD8 T cells. B cells secret IL-10 and TGFb that dampen T cells driven immune response 

and other suppressive function during infections and additionally reducing the risk of T cell 

mediated autoimmune diseases (75, 76). 

1.2 Integrin Associated protein (CD47) 

Ligation of certain cell surface molecules can induce intracellular signaling resulting in cell 

activation or cell death depending on the exact context (77, 78). One of the most important 

surface protein, express in all cells and further plays multiple roles in the maintaining 

homeostasis and immune response is the CD47. 

CD47 is also commonly known as the integrin associated molecule, a cell surface protein of the 

immunoglobulin (Ig) superfamily, which is heavily glycosylated and widely express in all 

healthy cells at moderate level. CD47 was identified as a marker of self, as a don’t-eat-me 
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signal, that acts to prevent the homeostatic clearance of red blood cells. CD47 expression 

become interesting research area when hematopoietic stem cells were known to have a 

physiologically increased CD47 expression to avoid macrophages mediated phagocytosis 

during their migration. This become more interesting in the oncology research when cancers 

are known to strongly upregulate CD47 expression and this finding was believe to be a cancer 

cellular mechanism to evade being phagocytosed by macrophages (79, 80). In addition to CD47 

expression by cancers (81), recent studies reveal CD47 expression on poxviruses, and its 

expression was believe to contribute to the virulence factor of the virus by decreasing both 

macrophage and T cells activation (82).  

1.2.1 Structure of CD47 

CD47 is a well conserved protein between species and has 60 to 70% similarity on the sequence 

of amino acid in human, mouse and rat and an identical CD47 sequence in cancers. CD47 

consists of an extracellular Ig-V domain, a five times transmembrane-spanning domain, and a 

short alternatively spliced cytoplasmic tail. In both humans and mice, the cytoplasmic tail can 

be found as four different splice isoforms ranging from 4 to 36 amino acids, showing different 

tissue expression patterns (84-86). CD47 was initially recognized as a 50 kDa protein associated 

and co-purified with the integrin in placenta, neutrophil granulocytes and recently in all cells 

and more importantly in cancers. Originally called the integrin associated molecule for its 

capacity to regulate integrin function, however due to it known expression on red blood cells 

(83), it was then called the CD47.   

1.2.2 CD47 – SIRPα interaction  

The CD47-SIRPα interaction is important to the homeostatic regulation of myeloid cell 

function, particularly the phagocytic activity. CD47 has been shown to be a ligand for 

SIRPα and SIRPγ, but does not bind SIRPβ. The signal regulatory protein alpha (SIRPα or 

CD172) is an Ig family of cell surface glycoproteins express mainly by antigen presenting cells 

(macrophages and DCs) and recently shown to express in activated T cells. Receptor for SIRPα, 

binding to which prevents maturation of immature dendritic cells and inhibits cytokine 

production by mature dendritic cells.  SIRPα has two immune-receptor tyrosine-based 

inhibitory motifs (ITIMs), which tyrosine phosphorylated can bind the Src homology 2 (SH2) 

domain-containing protein-tyrosine phosphatases SHP-1 and SHP-2 (87, 88).  

The CD47-SIRPα interaction regulates a multitude of intercellular interactions such as the 

immune system where it regulates lymphocyte homeostasis, dendritic cell maturation and 

activation among others. As an inhibitory signal, the interaction of CD47 with SIRPα on 
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macrophages initiates an anti-phagocytic (‘’Don’t Eat Me’’) signal because of the 

phosphorylation of immune-receptor tyrosine-based inhibitory motifs (ITIMs) within the 

cytoplasmic tail of SIRPα.  Such phosphorylation leads to the recruitment and activation of Src 

homology 2 (SH2) domain- containing phosphatases, SHP-1 and SHP-2, which in turn regulate 

downstream signaling pathways, usually in an inhibitory manner. The purpose of this inhibitory 

signaling is to prevent the phagocytosis of normal healthy cells (89, 90). 

However, CD47-SIRPα interaction regulates phagocytosis, (auto) immunity, and host defense, 

as well as its potential significance as a therapeutic target in cancer and inflammation and for 

improving graft survival in xenotransplantation and prevent atherosclerosis (91). 

 

Figure 9: CD47 on tumor interaction with Sirpa on macrophages (Matozaki T. et.al 2009) 

 



19 
 

1.2.3 CD47 – Thrombospondin interaction 

Thrombospondin-1 (TSP-1) is the prototypic member of the thrombospondin family of 

extracellular matrix glycoproteins, which are implicated in regulating cell motility, 

proliferation, and differentiation. The extracellular Ig-V domain of CD47 was found to be a 

receptor for the C-terminal cell-binding domain of TSP-1 (92). Signaling through the 

thrombospondin-1-CD47 broadly limits cell and tissue survival of stress. However this 

interaction suppresses c-Myc expression which is a cells transcription factors (93). The 

disruption of the above interaction was also shown to suppress activation of cell cycle inhibitors 

and upregulates the expression of cell cycle promoters, leading to increased cell cycle 

progression (94). However, recent studies show that TSP-1 molecule and interaction as a 

negative regulator of T cell activation (95). 

 

Figure 10: CD47 interaction with Thrombospondin-1 (Rogers N. et.al 2014) 

 



20 
 

1.2.4  CD47 Blockade 

Considering the multiple interactions of CD47 and its diverse regulation in multiple processes, 

therefore the blockade of CD47 by anti-CD47 blocking antibody can mediate diverse biological 

effects. It has been well established that the interaction between CD47-Sirpa limit the 

phagocytosis of target cell and cancers cells over expression of CD47 is nothing but a 

mechanism to evade macrophage mediated phagocytosis of these cells (87). Thus, the 

disruption of CD47-SIRPa interactions by anti-CD47 treatment has been widely studied to 

increase phagocytosis of cancer cells, activate T cells and results in tumor regression (87, 96). 

In addition to the cancer model, CD47 blockade is also shown to increase DC activation and 

CD8 T cell priming in virus infection. Blockade of CD47 by anti-CD47 mAbs was found to 

induce apoptosis in a number of different cell types mediated by an enhanced phagocytosis by 

macrophages. The cell death induces by CD47mbs does not include DNA fragmentation nor 

other nuclear features but it was associated with “classical” apoptosis and exposure of 

phosphatidylserine (PS) on the cell surface (80, 97).  

Anti-CD47 monoclonal antibodies have been proposed and studied as a therapeutic treatment 

for human cancers and recently Cham et. al show that it is a potential therapeutic target for 

infectious diseases particularly in HIV.  
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Figure 11: CD47 blockade signaling in tumor vs macrophage (Veillette A. et.al 2018) 

 

1.3 Lymphocytic choriomeningitis virus (LCMV) 

LCMV is a well-established model in the study of mechanisms of viral persistence, basic 

concepts of virus-induced immunity, immunopathology and to test therapeutic molecules. 

LCMV is an enveloped RNA virus and the prototypic virus of the arenavirus (98). However, it 

is a zoonotic infection with a rare important cause of neurologic disease in humans with mild 

clinical manifestations of aseptic meningitis (99).  

1.4 Vesicular stomatitis virus (VSV) 

VSV is a cytopathic - rhabdovirus which causes acute encephalitis in mice after infection. Due 

it cytopathic effect during infection and its ability to trigger rapid interferon and B cells 

response, VSV is also a widely used mouse virus to study viral immunity, vaccination and to 
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test therapeutic molecules (100). Due to its capacity to induce controlled apoptosis in tumor 

cells, VSV is a promising oncolytic virus in cancer viro-therapy (101).  
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2.1 Abstract  

It is well understood that the adaptive immune response to infectious agents includes a 

modulating suppressive component as well as an activating component. We now show that 

already at the very early innate response, an immunosuppressive component mediated by 

upregulation of the CD47 “don’t eat me” signal is induced on infected cells. A CD47 mimic 

that acts as an essential virulence factor is encoded by all poxviruses, but CD47 expression was 

found to be upregulated even by viral and bacterial pathogens that encode no mimic. CD47 

upregulation was revealed to be a host response induced by stimulation of either endosomal or 

cytosolic pathogen recognition receptors. Furthermore, pro-inflammatory cytokines, including 

those found in the plasma of hepatitis C patients upregulated CD47 on uninfected dendritic 

cells, thereby linking innate modulation with downstream adaptive immune responses. Indeed, 

results from antibody-mediated CD47 blockade experiments as well as CD47 knockout mice 

revealed an immunosuppressive role for CD47 during infections with lymphocytic 

choriomeningitis virus and Mycobacterium tuberculosis. Since CD47 blockade operates at the 

level of pattern recognition receptors rather than at a pathogen-specific level, these findings 

identify CD47 as a novel host-directed immunotherapeutic target for the enhancement of 

immune responses to a broad range of infectious agents. 

 

Importance  

Immune responses to infectious agents are initiated when a pathogen or its components bind to 

pattern recognition receptors (PRRs). PRR binding sets off a cascade of events that activates 

immune responses. We now show that, in addition to activating immune responses, PRR 

signaling also initiates an immunosuppressive response, probably to limit inflammation. The 

importance of the current findings is that blockade of immunomodulatory signaling, which is 

mediated by upregulation of the CD47 molecule, can lead to enhanced immune responses to 

any pathogen that triggers PRR signaling. Since most or all pathogens trigger PRRs, CD47 

blockade could be used to speed up and strengthen both innate and adaptive immune responses 

when medically indicated. Such therapy could be done without a requirement for knowing the 

HLA type of the individual, the specific antigens of the pathogen, or in the case of bacterial 

infections, the anti-microbial resistance profile. 

 



32 
 

2.2 Introduction 

The earliest immune responses to invasion by pathogenic microorganisms begin with 

the sensing of pathogen-associated molecular patterns (PAMPs) by pattern recognition 

receptors (PRRs) such as Toll-like receptors (TLRs). Ligation of PRRs initiates signal 

transduction pathways that ultimately leads to the activation of innate and highly specific 

adaptive immune responses.  Discoveries in recent years have demonstrated that the induction 

of immune responses involves not only activation mechanisms but also inhibitory mechanisms 

or “checkpoints”, which regulate immune functions at a cellular level to prevent immune-

pathological damage by over activated effector responses (Barber et al., 2006). Antibody-

mediated blockade of checkpoint molecules such as CTLA4 and PD-1 is being used 

therapeutically to enhance anti-cancer immune responses (Dyck and Mills, 2017) and blockade 

of CD47 is now in clinical trials to activate macrophage-mediated phagocytosis of cancer cells 

(Edris et al., 2012; Advani et al., 2018) which upregulate CD47 expression as an immune 

evasion mechanism (Jaiswal et al., 2009a; Majeti, Becker, et al., 2009; Chao et al., 2010; 

Willingham et al., 2012).  

CD47 is an abundantly expressed transmembrane cell surface glycoprotein that can act 

as a receptor for thrombospondins, form complexes with integrin, and binds to the inhibitory 

receptor, signal-regulatory protein alpha (SIRPα) (Gao et al., 1996; Jiang, Lagenaur and 

Narayanan, 1999; Brown and Frazier, 2001). CD47 binding to SIRPα has emerged as an 

important innate immune checkpoint by regulating immune cell clearance and inflammatory 

signaling (Takimoto et al., 2019). CD47 engagement of SIRPα results in phosphorylation of 

cytoplasmic ITIM motifs by inhibitory protein tyrosine phosphatases, SHP-1 and SHP-2 

(Barclay and van den Berg, 2014). Given the well-established role of CD47 in cancer cell 

immune evasion, we questioned whether CD47 expression is modified in other disease contexts, 

specifically infection. Viruses have evolved mechanisms to evade host defenses (Taylor and 

Mossman, 2013) and take advantage of inhibitory signaling pathways for their own benefit. For 

example, poxviruses, which devote many genes towards immune suppression and evasion, have 

been found to encode a CD47 mimic (Cameron et al. 2005). The CD47 mimic of Myxomavirus, 

M128L, can be deleted with no effect on in vitro replication, but the deletion mutant loses 

pathogenicity in vivo. This loss of pathogenicity was associated with increased 

monocyte/macrophage activation (Cameron et al. 2005). 

The current study examines CD47 expression in the context of infectious agents that 

encode no CD47 mimic. Infected mouse and human cells both showed significant upregulation 
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of CD47. Results indicated that stimulation of either cytosolic or endosomal PPRs resulted in 

CD47 upregulation. In addition, inflammatory cytokines present in the serum of HCV patients 

could also induce CD47 upregulation, even in the context of no virus. In addition to viruses, 

clinically relevant bacteria, such as Mycobacterium tuberculosis (Mtb) induce universal 

upregulation of CD47 that limits host resistance. Our results indicate that CD47 upregulation is 

a very early innate checkpoint response to limit inflammation and that immunological inhibitory 

mechanisms are not only activated at the effector phase of immune responses, but already at 

the induction phase of PRR sensing. Thus, innate immune checkpoints, such as CD47 explored 

here, may be promising targets in host-directed checkpoint therapies for infectious disease. 
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2.3 Methods 

All animal studies were performed at NIAID Laboratories and Stanford University and were 

done so under animal study proposals approved by the Institutional Animal Care and Use 

Committee following all regulations and guidelines of the Public Health Service’s Office of 

Laboratory Animal Welfare. 

2.3.1 Murine in vivo viral infections and flow cytometry analysis  

Friend virus infected mice were female (C57BL/10 x A.BY)F1 (abbreviated Y10) (H-2b/b, Fv1b, 

Rfv3r/s) bred at the Rocky Mountain Laboratories (RML) (Hamilton, MT) and were used 

between 8 and 24 weeks of age at the beginning of the experiments. The Friend virus (FV) stock 

used in these experiments has been passaged in mice for more than three decades and contains 

three separate viruses: 1) replication competent B-tropic Friend murine leukemia helper virus 

(F-MuLV), 2) replication defective polycythemia-inducing spleen focus-forming retrovirus that 

is packaged by F-MuLV-encoded virus particles; and 3) lactate dehydrogenase-elevating virus 

(LDV), an endemic murine (+)ssRNA virus (Steeves et al. 1969; Robertson et al. 2008). Mice 

were infected by i.v. injection of 0.2 mL phosphate-buffered balanced salt (PBBS) solution 

containing 1500 spleen focus-forming units (sffu) of FV complex. Mice were considered 

persistently infected after 6 weeks post-infection when F-MuLV levels stabilize at ~104 

infectious centers per spleen. For La Crosse, 3 week old IRF3x7-/- mice were infected i.p. with 

103 LACV/human/1978 (Bennett et al., 2007) and spleen cells were analyzed at 4 dpi. The 

LCMV-WE virus stock (originally obtained from Prof. F. Lehmann-Grube, Heinrich Pette 

Institute, Hamburg, Germany) (Lehmann-Grube, 1971) was propagated on L929 cells. LCMV 

viral titers were detected by plaque-forming assays on MC57 fibroblasts (obtained from by the 

Ontario Cancer Institute, Canada). Organs were dissociated and plasma was diluted in 

Dulbecco’s modified Eagle medium (DMEM) containing 2% fetal calf serum (FCS), titrated 

1:3 over 12 steps, and incubated on MC57 cells. After 4 hours of incubation at 37 °C, overlay 

methylcellulose was added and the cells were incubated for 48 hours followed by staining of 

LCMV plaques using an anti-LCMV-NP antibody (clone VL4). C57Bl/6 mice were infected 

with 2x106 PFU of LCMV strain WE and treated with anti-CD47 via daily intraperitoneal 

injections of 100 μg of anti-CD47 (Clone 410, BioXCell Cat#: BE0283) or isotype (rat IgG2a 

isotype) (Bio X Cell) from day -2 to day 6 post-infection.  

To analyze infected spleen cells, splenocytes were isolated by tissue homogenization through a 

100-m filter and red blood cells were removed using ACK lysis buffer (0.15 M NH4Cl, 10 

mM KHCO3, 0.1 M EDTA). FV glycogag was stained with MAb 34 followed by anti-mouse 
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IgG2b-FITC (R12-3; BD Biosciences) to identify cells infected with FV or FR98. All other 

antibodies were from BD Biosciences, BioLegend or eBioscience/Thermo Fisher Scientific: 

BV605-anti-CD11b (M1/70); PE-CF594-anti-CD19 (ID3); PE-Cy7-anti-CD11c (HL3); PE-

Cy7-anti-Ter119 (TER-119); AF647-antiCD47 (MIAP301); Lymphocyte populations were 

initially gated on the basis of forward scatter versus side scatter. The multiparameter data were 

collected with an LSRII (BD Biosciences) and analyzed using FlowJo software. 

2.3.2 Bacterial strains 

Bacterial strains include B31 Borrelia burgdorferi clone (GCB726) with the cp9 plasmid 

replaced by cp9-based pTM61 construct containing GFP expression (Moriarty et al., 2008). 

Salmonella enterica strain Typhi Ty2 mCherry mutant strains were generated via λ red 

recombination and include the Salmonella enterica strain Typhi Ty2 mCherry mutant ΔFla 

(fliC::Kan) (Kortmann, Brubaker and Monack, 2015). M. tuberculosis H37Rv ΔlysA and 

ΔpanCD (MtbΔ) was provided by William R. Jacobs. J. (Sambandamurthy et al., 2005). Mtb 

strain H37Rv was used for the in vivo studies. 

2.3.3 Liver Biopsy Affymetrix 

Affymetrix arrays were obtained as CEL files, MAS5 normalized using the “affy” package in 

Bioconductor, mapped to NCBI Entrez gene identifiers using a custom chip definition file and 

converted to HUGO gene symbols (Newman et al., 2015). 

2.3.4 HCV Sofosbuvir cohort 

PBMC, plasma, and serum were studied in fourteen HCV-infected patients previous to direct-

acting antiviral therapy (Sofosbuvir and Ribavirin, Sofosbuvir and Ribavirin and interferon a, 

Harvoni, etc.) before treatment, during treatment, and after treatment. Ten patients underwent 

at least one previous treatment with interferon, the other four were treatment naïve. Thirteen 

patients experienced SVR after twelve weeks of therapy. PBMC, plasma, and serum were 

collected from non-infected patients as a control. One patient relapsed. Patients provided 

written informed consent for research testing under protocols by the Stanford University 

Institutional Review Board. 

2.3.5 Phospho-CyTOF sample processing and staining 

Cryopreserved PBMCs stored at -180 °C were thawed in warm RPMI medium supplemented 

with 10% FBS, benzonase, and a penicillin streptomycin mixture (complete RPMI). Cells were 

transferred into serum-free RPMI medium containing 2mM EDTA and benzonase, incubated 

with cisplatin for one minute, and immediately quenched with four volumes of complete RPMI. 

Then, one million cells per sample were transferred into complete RPMI and rested for 30 
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minutes at 37 °C. Following this rest period, cells were fixed in PBS with 2% paraformaldehyde 

(PFA) at room temperature for 10 minutes. Cells were then washed 2X with CyFACS buffer 

and barcoded as previously described (Mei et al. 2015). Following barcoding, samples were 

combined for surface marker staining, performed at room temperature for 1 hour. Subsequently, 

cells were washed and permeabilized in MeOH at -80 °C overnight. The next day, cells were 

washed and incubated with the intracellular cytokine cocktail at room temperature for one hour. 

DNA stain was performed for 20 minutes with iridium (191/193) in PBS with 2% PFA at room 

temperature. Finally, cells were washed 2X with CyFACS buffer and then twice with MilliQ 

water before data acquisition on the CyTOF2 instrument. Data was de-barcoded and manually 

analyzed on Cytobank (cytobank.org). 

2.3.6 Monocyte-derived DC and macrophage cultures 

Healthy donor leukocyte reduction system cones were provided by the Stanford blood center. 

PBMCs were isolated by a 1.077 g/mL Ficoll gradient using Sep-mate tubes. Monocytes were 

selected for by plastic adherence after 20 minutes incubation at 37°C and 5% CO2 in RPMI 

media + 10% human serum (Gemini). Selected monocytes were then cultured for 72 hours in 

RPMI media supplemented with 1% serum, 10 ng/mL IL-4, and 800 IU/mL GM-CSF; the 

concentration of GM-CSF was increase to 1600 IU/mL the final 24 hours. Immature DCs were 

matured by replacing culture media with RPMI media supplemented with 1% healthy donor or 

HCV patient plasma, 10 ng/mL IL-4, and 800 IU/mL GM-CSF, 10 mg/ mL LPS and 100 IU/mL 

IFN-γ. For macrophage derivation monocytes were cultured in RPMI media supplemented with 

10% human serum for 7 days. 

2.3.7 Human and Murine Luminex 

The human samples were analyzed in the Human Immune Monitoring Center at Stanford 

University. Human 63-plex or Mouse*** 38 plex kits were purchased from 

eBiosciences/Affymetrix and used according to the manufacturer’s recommendations with 

modifications as described below. Briefly: Beads were added to a 96 well plate and washed in 

a Biotek ELx405 washer. Samples were added to the plate containing the mixed antibody-linked 

beads and incubated at room temperature for 1 hour followed by overnight incubation at 4°C 

with shaking. Cold and room temperature incubation steps were performed on an orbital shaker 

at 500-600 rpm. Following the overnight incubation plates were again washed in a Biotek 

ELx405 washer and then biotinylated detection antibody added for 75 minutes at room 

temperature with shaking. Plate was washed as described above and streptavidin-PE was added. 

After incubation for 30 minutes at room temperature wash was performed as above and reading 
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buffer was added to the wells. Each sample was measured in duplicate. Plates were read using 

a Luminex 200 instrument with a lower bound of 50 beads per sample per cytokine. Custom 

assay Control beads by Radix Biosolutions are added to all wells. The FV-infected murine 

plasma samples were collected at the times indicated and were analyzed using a 25-plex 

Milliplex MAP mouse cytokine/chemokine magnetic kit (Millipore Sigma) following the 

manufacturer’s recommendations. Plates were read using a BioPlex 200 Luminex suspension 

array system and analyzed with Bio-Plex Manager software (Bio-Rad). 

2.3.8 In vitro stimulations and infections of human PBMCs and macrophages  

Healthy donor leukocyte reduction system cones were provided by the Stanford blood center. 

Human PBMCs were isolated by 1.077 g/mL Ficoll gradient using Sep-mate tubes. Isolated 

PBMCs were cultured in RPMI media supplemented with 10% FBS and 100 U/mL Penstrep at 

a concentration of 1x106 cells/mL. To activate PRRs, cells were stimulated with either 1 µg/mL 

CL264-rhodamine (Invivogen) or 1 µg/mL muramyl dipeptide (Invivogen) overnight or left 

unstimulated. Cells were collected at 72 hrs post stimulation prior to flow cytometry. To 

simulate the inflammatory milieu of infection, PBMCs were stimulated with single treatment 

or combination treatments of 10 ng/mL TNFα, 100 ng/mL CXCL10 or 100 ng/mL IFNα. Cells 

were then analyzed for CD47 expression 72 hours post-cytokine stimulation. In vitro bacterial 

infections of PBMCs were performed at 10 MOI for Salmonella enterica Typhi strains and 40 

MOI for Borrelia burgdorferi for 24 and 48 hours respectively. Salmonella enterica Typhi 

strains were spun onto the cells to compensate for the motility differences. For MtbΔ in vitro 

infection of macrophages, MtbΔ was stained for 1hr in PBS 1:20,000 pHrodo (Essen 

Biosciences) at 37 degrees to fluorescently label infected macrophages. Macrophages were 

plated into 96 well u bottom plates. Fluorescently labeled Mtb were used to infect macrophages 

at MOI of 1:10 for 4hr.  Antibodies for flow cytometry: anti-CD11c (3.9), anti-HLA-DR 

(L243), anti-CD11b (M1/70), anti-CD14 (M5E2), anti-CD16 (3G8), anti-SIRP (SE5A5) were 

purchased from Biolegend except for APC anti-CD47 (B6H12), eBioscience which was 

purchased from Invirtrogen. 

2.3.9 In vitro stimulation of mouse splenocytes 

Female C57BL/6 RRID: IMSR_JAX:000664 (WT) mice were bred at the Stanford University 

Stem Cell Institute Barrier Facility (Stanford, CA) and were used between 8 and 12 wks of age 

at the beginning of the experiments. Spleens were dissociated by collagenase treatment in the 

presence of DNAse1 and mechanical dissociation to obtain a single cell suspension of 

splenocytes. Red blood cells were removed using ACK lysis buffer (GIBCO) and remaining 
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splenocytes were seeded at a density of 1x106 splenocytes/well of a 96 well u bottom low 

adherence plate. Cells were then stimulated with either 1 µg/mL CL264-rhodamine (Invivogen) 

overnight or 1 µg/mL PolyI:C-rhodamine (Invivogen) complexed with lipofectamine 2000 for 

1 hour, or left unstimulated. Cells were collected at 24 hr post stimulation for analysis by flow 

cytometry. Antibodies for flow cytometry were purchased from Biolegend or BD Biosciences. 

2.3.10 M. tuberculosis infections  

Mtb infections were done in Bl/6 mice or CD47 KO RRID: IMSR_JAX:003173 (CD47 KO) 

that were bred at the NIAID facilities. For infections with H37Rv M. tuberculosis (100–200 

CFU), mice 8-12 week male and female mice were placed in a whole-body inhalation system 

(Glas-Col; Terre Haute, IN) and exposed to aerosolized M. tuberculosis. Delivery doses were 

set by measuring lung CFU 2–24 h postexposure from three to five control mice through 

mechanical homogenization using Precellys Evolution (Precellys; Atkinson,NH). Lung 

homogenates were then serially 

diluted in PBS/Tween 20 and cultured on Middlebrook 7H11 agar plates supplemented with 

oleic acid-albumin-dextrose-catalase (Difco; Detroit, MI), and CFU were counted 21 d later.  

2.3.11 Cell isolation from Mtb -infected lung tissue and flow cytometry 

Lungs were digested and dissociated via gentle MACS and Lung Cell Isolation 

Buffer (Miltenyi Biotec). Digested lung was passed through a 100-mm cell 

strainer, and an aliquot was removed for determination of colony-forming units. Cells were 

washed and purified with 37% Percoll. Cells for sorting were washed, counted, and 

subsequently surface stained in a BSL3 containment area under sterile conditions. The 

following cell populations were sorted to 90–97% purity and plated for CFU 

counts: CD45.1+ (WT) or CD45.1– (Il1r12/2) CD11b+, CD11b+ Gr1high (neutrophils), and 

CD11b+ Gr1low (myeloid). Abs against I-Ab (clone M5/114.15.2), Ly6G (1A8), CD11c (HL3 

and N418), CD45.1 (A20), CD45.2 (104), TCRb (H57-597), NK1.1 (PK136), CD11b (M1/70), 

CD45 (30-F11), Gr-1 (RB6, 8C5), and LIVE/DEAD Fixable Cell Stains were obtained from 

eBioscience/Thermo Fisher Scientific, BioLegend, or BD Pharmingen. Samples were acquired 

on a 350 Symphony flow cytometer or sorted on a FACS Aria (BD Biosciences; San Jose, CA) 

and analyzed using FlowJo software. 
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2.4 Results 

2.4.1 CD47 expression is upregulated on hematopoietic cells in response to infection.  

To examine the role of CD47 expression during the innate response to infection we investigated 

whether hematopoietic cells upregulated CD47 expression in several unrelated infection 

models. We began by analyzing CD47 expression on cells from mice inoculated with Friend 

virus (FV), a naturally occurring retroviral infection in mice {Dittmer, 2019 #9626}. FV 

primarily infects erythroid progenitor cells in the spleen, but can also infect B cells, monocytes 

and dendritic cells (DCs) (Robertson et al., 2008). With the exception of erythroid progenitors 

marked by Ter119 expression, CD47 was significantly upregulated on hematopoietic cells from 

mice at 3 days post-infection (dpi) compared to cells from naïve mice (Fig 1A). CD47 

expression was also analyzed at 3 dpi in mice infected with lymphocytic choriomeningitis virus 

(LCMV).  Compared to naïve controls, the antigen presenting cells (APCs) and lymphocytes 

from LCMV-infected mice had significantly increased cell surface expression of CD47 (Fig 

1B). At 2 dpi mice infected with La Crosse arbovirus also showed significantly upregulated 

CD47 expression in these hematopoietic cells compared to uninfected controls (Fig. 1C). In 

addition to viral infections, we also examined whether CD47 expression was upregulated in 

response to bacterial infections. Flow cytometry was used to compare CD47 expression on 

infected versus uninfected human peripheral blood mononuclear cells (PBMCs) 48 hours post-

infection in vitro with Borrelia burgdorferi. In response to Borrelia burgdorferi infection both 

CD4+ T cells and NKT cells significantly upregulated CD47 expression (Fig 1D). We then 

compared CD47 expression on human PBMCs infected in vitro with mCherry-expressing 

strains of Salmonella enterica serovar Typhi (Salmonella Typhi) wildtype (Ty2 WT) and 

Salmonella Typhi ΔfliC (Ty2 ΔfliC), a mutant strain that lacks flagella by spinning the bacteria 

onto the cells to account for motility differences between the strains. Compared to uninfected 

cells, mCherry positive T cells and B cells upregulated CD47 expression when infected with 

Salmonella Typhi wildtype (Fig 1E). However, CD47 expression was not significantly 

upregulated in PBMCs infected with the mutant strain lacking flagella, Salmonella Typhi ΔfliC 

(Fig 1E). The reduced upregulation of CD47 expression by Salmonella Typhi ΔfliC compared 

to Salmonella Typhi WT suggested that sensing of pathogen-associated molecular patterns 

(PAMPs) by pattern recognition receptors (PRRs) might play a role in CD47 upregulation, as 

flagellin is a potent PAMP which is recognized by extracellular TLR5 (Hayashi, Means and 

Luster, 2003) and NLR family of apoptosis inhibitory proteins (NAIPs) (Kortmann, Brubaker 

and Monack, 2015). These results demonstrated that CD47 was upregulated on cells in response 

to a variety of unrelated infectious pathogens, possibly related to host sensing mechanisms. 
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2.4.2 CD47 is upregulated in response to host recognition of pathogens.  

To determine whether CD47 upregulation was mediated by immune detection by the host, we 

artificially stimulated PRRs using small molecules to simulate the cellular response to infection. 

Splenocytes from wildtype (WT) mice were stimulated in vitro with 1 μg/mL Poly I:C (tPIC) 

to activate the cytosolic dsRNA PRR, Melanoma Differentiation-Associated protein 5 (MDA5), 

or they were stimulated with 1 μg/mL CL264 to activate the ssRNA endosomal PRR, Toll-like 

Receptor 7 (TLR7). Flow cytometry was used to measure CD47 expression on dendritic cells 

(DCs) 24 hrs. post-stimulation. Compared to unstimulated controls, surface expression of CD47 

on wildtype DCs was significantly upregulated following stimulation of both TLR7 and MDA5 

PRRs (Fig 2A, B). CD47 upregulation on human DCs and monocytes was tested in vitro using 

human PBMCs stimulated with either muramyl dipeptide (MDP) to activate the bacterial 

peptidoglycan PRR, Nucleotide-binding oligomerization domain-containing protein 2 (NOD2), 

or CL264 to activate the ssRNA endosomal PRR, TLR7. Flow cytometry was used to identify 

cell subsets and measure CD47 expression 24 hrs post-stimulation. Human DCs and monocytes 

both responded to either type of PRR stimulation with significant upregulation of CD47 surface 

expression (Fig 2C, D, E). Together these data demonstrated that CD47 was upregulated in 

mouse and human cells by a host-dependent mechanism in response to both viral and bacterial 

pathogen recognition. Furthermore, TLR7 stimulation via endosomal uptake indicated that 

CD47 could be upregulated not only by infected cells, as would be reflected by cytosolic MDA5 

stimulation, but also by surveilling immune cells. Add the in vivo TLR stim here? 

2.4.3 CD47 expression is upregulated during HCV infection in vivo.  

To examine CD47 expression in an in vivo human viral infection we compared microarray data 

(GSE38597) from healthy and Hepatitis C virus (HCV) patient liver biopsies. The analysis 

revealed significantly higher expression of CD47 in the liver biopsies from acutely infected 

HCV patients relative to healthy controls (Fig 3A). HCV infections can become chronic, 

resulting in liver cirrhosis and hepatocellular carcinoma. In 2013 the FDA approved the 

nucleoside analog Sofosbuvir as part of the combination therapy to treat persistent HCV. A 12-

wk treatment with Sofosbuvir in combination with either ribavirin or pegylated interferon 

(PEG-IFN) results in the rapid elimination of viral loads in 90% of patients (Bhatia et al., 2014). 

To investigate CD47 expression on immune cells in the context of a human persistent infection 

and therapy, we examined PBMCs isolated from healthy controls (Healthy) in comparison to 

HCV infected patients prior to initiating Sofosbuvir treatment (HCV-Pre), midway through 

treatment (HCV-Mid), and six months post-treatment (HCV-Post). Cytometry by time of flight 

(CyTOF) was used to compare CD47 expression on PBMCs from healthy control and HCV 
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patients over the course of Sofosbuvir treatment of HCV infection. Consistent with our 

observations following acute stimulation of PRRs, we observed that both monocytes and DCs 

upregulated CD47 in response to infection. In fact, compared to healthy controls, monocytes 

and DCs from HCV patients demonstrated sustained upregulation of CD47 at all treatment time 

points, including the six-month post-treatment time point (Fig 3B, C). Conventional dendritic 

cells (cDCs) are subset into two groups, cDC1s and cDC2s, which can be distinguished in part 

through SIRPα expression by cDC2s (Guilliams et al., 2014). When we compared CD47 

expression on cDC1s and cDC2s, we observed that CD47 expression was highest on SIRPαhi 

cDC2s (Fig 3D). Thus, HCV infections, which we previously found to be associated with SIRPα 

upregulation on T cells (Myers et al., 2019) were also associated with increased expression of 

both CD47 and its receptor on antigen presenting cells. 

2.4.4 HCV patient plasma induces CD47 expression ex vivo.  

To determine whether inflammatory factors present in HCV patient plasma could affect CD47 

upregulation on DCs, we derived DCs from healthy donor monocytes with plasma added either 

from patients in the HCV patient cohort or healthy controls. We found that monocyte derived 

DCs (mDCs) derived in the presence of HCV patient plasma significantly upregulated CD47 

compared to plasma from healthy donors (Fig 4A). Luminex analysis of patient plasma was 

used to characterize the inflammatory milieu over the course of HCV infection and treatment. 

Plasma isolated from patients at the pre-treatment time point contained both virus and 

inflammatory cytokines indicating that CD47 upregulation could have been due to infection of 

the DCs. However, plasma isolated from patients at the mid- and post-treatment time points 

contained no virus, but had increased levels of inflammatory cytokines, such as TNFα and 

CXCL10 (Fig 4B, C). CD47 expression was increased in all HCV patient plasma conditions 

compared to healthy controls despite undetectable viral loads in the mid and post treatment time 

points. This indicated that either viral recognition or increased inflammatory milieu could 

enhance expression of this immunomodulatory marker.  

To test the independent effect of the inflammatory milieu on CD47 surface expression we 

stimulated human PBMCs in vitro with inflammatory cytokines. PBMCs were isolated from 

healthy donors and stimulated in vitro with TNFα, CXCL10, and IFNα, as single treatments 

and in combination. Flow cytometry was used to measure CD47 surface expression on DCs 72 

hours post-stimulation. While TNFα alone was not sufficient to upregulate CD47 surface 

expression, CXCL10 and IFNα alone did (Fig 4D). Combinations of these inflammatory 

cytokines enhanced upregulation of CD47 surface expression, with the triple combination of 
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TNFα, CXCL10, and IFNα having the most profound effect (Fig 4D). These experiments 

demonstrated that in addition to pathogen recognition, host immune cells also upregulated 

CD47 surface expression in response to the inflammatory milieu induced by the pathogen.  

2.4.5 CD47 upregulation suppressed immune responses in vivo.  

To determine the effects of CD47 blockade during a live viral infection, C57Bl/6 mice were 

injected with anti-CD47 (blocking) antibody each day for 5 days beginning 2 days prior to 

infection with LCMV. To ascertain whether both anti-CD47-treated and mock-treated animals 

were equivalently infected, LCMV titers in the spleens and lungs were determined at 3 days 

post-infection.  Analyses showed no significant differences in titers regardless of treatment (Fig. 

5A). Anti-CD47 injections were continued through 6dpi and plasma virus levels were measured 

at 8 and 12 dpi.  Significantly reduced viremia levels were observed in anti-CD47-treated mice 

compared to mock-treated at both time points (Fig. 5B). Since it is known that host clearance 

of LCMV is highly dependent on CD8+ T cell responses (F. Lehmann-Grube, 1971; Fung-

Leung et al., 1991) it was of interest to determine if CD47 blockade affected those responses. 

Blood samples from LCMV-infected mice were tested for CD8+ T cell responses at 8, 10, and 

12 dpi in the presence or absence of CD47 blockade. At both 8 and 10 dpi, there were 

significantly increased CD8+ T cell numbers responding to LCMV infection in the treated mice 

compared to the isotype-matched antibody control-treated mice (Fig. 5C). One possible 

explanation for such increased CD8+ T cell responses is that the CD47 blockade improved APC 

activation.  Indeed, CD11c+ APCs (predominantly dendritic cells) showed higher expression of 

CD86 costimulatory molecules in the anti-CD47-treated group compared to the isotype-

matched antibody control-treated mice (Fig. 5D).  No significant increase in CD86 expression 

was observed in CD11b+ APCs (predominantly macrophages) (Fig. 5D). 

We next investigated the role of CD47 during Mycobacterium tuberculosis (Mtb) infection in 

vitro and in vivo. First, monocyte-derived macrophages from human peripheral blood samples 

from four different donors were infected with Mtb to examine CD47 expression levels. A 

representative flow cytometry histogram from a sample showing CD47 upregulation is shown 

(Fig. 5E). Comparison of infected and uninfected cells showed an increase in CD47 expression 

when the cells were infected (Fig. 5F). For an in vivo assessment of a possible functional role 

for CD47 in host resistance to Mtb infection, CD47 KO mice were infected via the aerosol route 

with a low dose (100-200 CFU) of Mtb strain H37RV. CD47-deficient mice displayed 

significantly increased host resistance to Mtb infection with significantly longer survival 

(humane endpoints) compared to wild type B6 mice (Figure 5G).  Furthermore, lungs and 
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spleens from the CD47-deficient mice at humane endpoints yielded significantly lower 

mycobacterial colony-forming units (Fig. 5H).  These results indicated that CD47 expression 

can exert significant suppressive effects on immune responses to infectious pathogens in vivo. 
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2.5 Discussion 

Our results demonstrate that CD47 expression is modified as a host response to a broad range 

of infections, including both viral and bacterial microbes. CD47 surface expression is 

upregulated by cells directly infected with pathogens as well as by the surveilling immune cells 

responding to infections. While CD47 expression has been shown to be upregulated on immune 

cells, on mobilized stem cells and on malignant cells (Jaiswal et al., 2009b; Majeti, Chao, et 

al., 2009), we now demonstrate CD47 upregulation as a host response to infection of cells and 

in response to inflammatory stimuli. Since malignant cells exploit CD47 expression to evade 

cellular clearance we initially hypothesized that increases in CD47 surface expression might be 

a pathogen-specific immune evasion mechanism. However, when we repeatedly observed 

upregulation of CD47 surface expression across diverse viral and bacterial infections, it became 

unlikely that so many pathogens had independently developed an evasion strategy involving 

CD47. Also, unlike the poxviruses, none of the pathogens presented in this study are known to 

encode a CD47 mimic (Cameron et al., 2005) and no CD47 sequence homologies were found 

in database searches. Flagella are potent inducers of TLRs so the result that Salmonella Typhi 

ΔfliC mutants lacking flagella induced less upregulation of CD47 in infected cells than WT 

Salmonella Typhi suggested that increases in CD47 expression might result from a host 

response (Fig 1E). Indeed, direct stimulation of PRRs with synthetic ligands tPIC and MDP 

demonstrated that CD47 upregulation could be achieved in the absence of pathogens (Fig 2A 

& B).  

CD47 upregulation on immune cells was not limited to those directly infected by pathogens but 

was also observed on uninfected immune cells actively participating in the ongoing response to 

the pathogen, as demonstrated by TLR7 stimulation on monocytes and dendritic cells (Fig 2C 

& D). Furthermore, upregulation of CD47 was confirmed in HCV patient clinical samples. We 

found that both monocytes and DCs upregulated CD47 expression in response to HCV infection 

(Fig. 3B, C). Since APCs express both CD47 and its receptor, SIRPα, the question is raised as 

to whether CD47 and SIRPα may have the capability of interacting in cis within a cell. 

Surprisingly, increased CD47 expression had not returned to normal levels by the six months 

post-treatment time point, suggesting that other inflammatory factors, beyond direct viral 

recognition promoted sustained CD47 upregulation. To address this, we analyzed healthy 

mDCs derived in the presence of either plasma from healthy individuals or plasma that was 

collected over the course of Sofosbuvir treatment from individuals infected with HCV. Plasma 

from the pre-treatment condition contained HCV virus that could have been directly recognized 

by DCs. However, plasma from mid- and post-treatment conditions lacked virus but still 
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contained an elevated inflammatory milieu that was sufficient to stimulate CD47 upregulation 

on DCs. Luminex analysis of the inflammatory milieu of patient plasma at the mid- and post-

treatment time points revealed elevated levels of TNFα and CXCL10 (Fig 4B & C). A similar 

inflammatory milieu was also found in FV plasma and corresponded with elevated levels of 

CD47 expression on immune cells (Fig 1A and Fig S1). Previously it has been shown that TNFα 

and IFNα can elicit upregulation of CD47 in vitro, supporting the idea that the inflammatory 

milieu in the HCV patient plasma was responsible for the sustained upregulation of CD47 at 

the late treatment time points when virus had been eliminated. In fact, CD47 was identified by 

microarray as an interferon-stimulated gene (ISG), upregulated as a coordinated program of 

host defense upon IFNα stimulation (Veer et al., 2001). In addition, in vitro pro-atherosclerotic 

factor TNFα was demonstrated to induce upregulation of CD47 on vascular smooth muscle 

cells (Kojima et al., 2016). In breast cancer, TNFα-mediated CD47 upregulation is 

transcriptionally controlled through NFκB (Betancur et al., 2017). These reports are consistent 

with our findings showing that upon HCV infection the inflammatory milieu alone is sufficient 

to upregulate CD47 surface expression (Fig 4D). 

Our evidence indicates that infectious agents that stimulate PRRs initiate upregulation of anti-

phagocytic CD47 expression, which acts as a checkpoint on downstream immune responses. 

Inflammatory cytokines also induced CD47 expression on APCs, with apparent effects on CD8+ 

T cell responses. Thus, prophylactic blockade of CD47 enhanced CD8+ T cell responses and 

clearance of LCMV infections (Fig. 5B, C). It is possible that there were direct effects on CD8+ 

T cells as well as APC-mediated effects since activated CD8+ T cells express SIRPα, the 

receptor for CD47 (Myers et al., 2019). Furthermore, we also observed improved survival from 

Mtb infections in mice genetically deficient in CD47 (Fig. 5F). These findings are consistent 

with reports that CD47 KO mice show better recovery from malaria parasites (Banerjee et al., 

2015; Ayi et al., 2016), Escherichia coli infections (Su et al., 2008), and have improved 

influenza vaccine responses (Lee et al., 2016). We propose that CD47 upregulation during 

infection inhibits innate immune cell activation and thereby reduces the likelihood of 

pathogenic and tissue damaging innate inflammation. Consistent with this hypothesis, CD47 

KO mice show poorly controlled inflammatory responses and increased morbidity and 

mortality to Candida albicans infection (Navarathna et al., 2015). The contrast between the 

results from various infections in CD47 KO mice illustrates how tightly balanced the immune 

system has evolved and the care that must be taken when immune interventions are undertaken. 

That said, the results from CD47 KO mice, in which the entire immune system has developed 

in the absence of a critical immunomodulatory molecule, might produce different results than 
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the same infection in an immune replete mouse treated with anti-CD47 antibodies during the 

infectious process. Indeed, while we found that treating WT mice with anti-CD47 before 

LCMV-WE infection improved recovery, it has been reported that CD47 KO mice had 

decreased resistance to LCMV Clone-13 infections (Nath et al., 2018). Additional experiments 

will be required to determine which experimental factors may account for the differences in 

infection outcomes.   

The current results demonstrate that CD47 plays a prominent role in modulating inflammatory 

responses to infections. While these findings open new possibilities for therapeutic intervention 

against pathogenic agents, it is important to note that the context of the host response to specific 

types of infections will determine whether CD47 blockade would be protective or detrimental. 

There may be circumstances where host responses need boosting and CD47 represents a novel 

target for host-directed therapies in such cases.  Possibilities include viruses such as human 

immunodeficiency virus, human papilloma virus, cytomegalovirus, Epstein Barr virus, varicella 

zoster virus, Ebola virus, etc. There is also a potential application for treating infections with 

bacteria, including Mtb and multi-drug resistant bacterial strains that might otherwise be 

untreatable. Although not addressed in this study, other infectious agents such as fungi or 

parasites that elicit PRR responses might also be tractable to anti-CD47 therapy. 
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2.8 Figure Legends 

2.8.1 Figure 1. CD47 is broadly upregulated in immune cell types in response to 

several types of infection.  

(A) Comparison of CD47 median fluorescence intensity (MFI) on hematopoietic cells 7 days 

post-infection with Friend virus. (B) Comparison of CD47 MFI on hematopoietic cells 18 days 

post-infection with murine leukemia virus FR98. In (A) and (B), cells were stained with mAb 

34 antibody to distinguish infected (black) from uninfected cells (white). (C) Comparison of 

CD47 MFI on hematopoietic cells from uninfected mice (white) compared to hematopoietic 

cells from infected mice (black) 4 days post-infection with La Crosse virus. No additional 

markers were used to distinguish infected and uninfected cells isolated from infected mice. (D) 

Comparison of CD47 MFI on hematopoietic cells from Borrelia burgdorferi-GFP infected 

PBMCs 48 hours post-infection in vitro. GFP was used to distinguish infected (black) from 

uninfected (white) cells. (E) Comparison of CD47 MFI on CD3+ T cells and CD19+ B cells 24 

hours post-infection comparing uninfected cells to cells infected with Salmonella enterica 

Typhi strain Ty2 (Ty2 WT) or Salmonella enterica Typhi strain ΔfliC (Ty2 ΔfliC) which lack 

flagella. * p < 0.05, ** p < 0.01, **** p < 0.0001 by unpaired, two-way t-test. Error bars 

represent SEM.  

2.8.2 Figure 2. Stimulation of Pathogen Associated Molecular Patterns upregulates 

CD47 surface expression. 

(A) Representative offset histogram of CD47 surface expression and (B) quantification of CD47 

MFI on CD103+ CD11c+ MHCII++ mouse DCs 24 hrs post stimulation in vitro with 1 µg/mL 

tPIC (gray), 1 µg/mL CL264 (black), and unstimulated (unfilled). n = 5; representative of two 

independent experiments. Similar experiments done on splenocytes from mice with genetic 

inactivation of CD47 (Lindberg et al., 1996) were all negative indicating CD47 specificity (data 

not shown). Representative histograms of CD47 surface expression on human (C) CD11c+ DCs 

and (D) CD14+ monocytes 72 hrs post stimulation with 1 µg/mL MDP (gray), 1 µg/mL CL264 

(black), or unstimulated (unfilled). (E) Quantification of CD47 MFI on human CD11c+ DCs 

and CD14+ Monocytes. n = 2; representative of three independent experiments. ** p < 0.01 by 

unpaired t-test with multiple comparisons post-test. Error bars represent SEM. 

2.8.3 Figure 3. CD47 is involved in innate licensing of adaptive immune responses in 

HCV patient clinical samples.  

(A) Comparison of CD47 expression from liver biopsies of six patients with acute HCV 

infection (black) compared to healthy controls (white) (p = 0.03), GSE38597. Comparison of 
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CD47 expression on (B) CD14+ monocytes and (C) HLA-DR+ DC populations isolated from 

HCV infected Sofosbuvir-treated patients Pre (●), Mid (■), and Post (♦) treatment compared to 

healthy controls ( ). (D) Comparison of CD47 expression on SIRPαlo versus SIRPαhi DCs from 

healthy control ( ) and HCV patients (●). * p < 0.05, ** p < 0.01 by unpaired, two-way t-test. 

Error bars represent SEM. 

2.8.4 Figure 4. Plasma from HCV infected patients is sufficient to increase CD47 

expression on monocyte-derived DCs.  

(A) Quantitative comparison of CD47 MFI of monocyte-derived DCs matured in culture media 

prepared with plasma from the Sofosbuvir HCV patient cohort from patients Pre (●), Mid (■), 

and Post (♦) treatment compared to Healthy controls ( ). (A) Plasma collected from the 

Sofosbuvir HCV patient cohort was analyzed by Luminex and normalized as described in the 

methods for (B) TNFα and (C) CXCL10. (D) Comparison of CD47 MFI on HLA-DR+ DCs 72 

hours post-stimulation in vitro with 10 µg/mL TNFα, 100 µg/mL CXCL10, and 100 µg/mL 

IFNα as single treatments or in combination. * p < 0.05, ** p < 0.01 by unpaired, two-way t-

test. Error bars represent SEM.  

2.8.5 Figure 5. CD47 is an inhibitory checkpoint that dampens immune responses to 

infections with LCMV and M. tuberculosis.  

(A) CD47 is upregulated in macrophages and DCs isolated from spleens of LCMV-infected 

C57Bl/6 mice at 3 dpi. (B, C) Daily intraperitoneal injections of C57Bl/6 mice were done with 

100 μg anti-CD47 or isotype control at days -2 to 2 dpi and infection with LCMV-WE 2x106 

PFU was done by intravenous injection at day 0. (B). LCMV plaque-forming units from spleen 

and liver were determined at 3 dpi as described in the materials and methods section. (C) CD8+ 

T cells from peripheral blood withdrawals from animals as indicated were analyzed by flow 

cytometry to determine counts on the days shown. (D) LCMV viremia levels were determined 

from blood samples by plaque-forming assays. (E, F) Human peripheral blood monocyte-

derived macrophages from 4 different donors were infected in vitro with M. tuberculosis (strain 

pantothenate/Lysine mutant) fluorescently labeled with pHrodo (to distinguish infected from 

uninfected cells) in triplicate and stained with anti-CD47 at 4 h post-infection. (E) 

Representative histogram of CD47 upregulation in M. tuberculosis -infected human 

macrophages. (F) Cummulative data from macrophages obtained from different human donors 

infected in vitro with M. tuberculosis. (G) Both male and female B6 WT (N=16) and B6.CD47-

/- (N = 23) were analyzed for survival following M. tuberculosis infections.  The difference 

between WT and Cd47-/- (on C57BL/6 background) was statistically significant (P <0.001 ****, 
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Log-Rank Mantel Cox from pooled data from three independent experiments). (H) Analysis of 

M. tuberculosis colony-forming units from lungs and spleens of endpoint animals shown in (G).  

Statistical analyses for A-D, F,H were done by Student’s T tests, two-sided P values are shown 

with standard deviations. 

2.8.6 Figure S1. Circulating levels of TNFα and CXCL10 in Friend virus-infected 

mice over the course of infection.  

Plasma was collected from naïve and FV-infected mice on 7, 14, and 47 days (persistent phase) 

post-infection and analyzed by Luminex to measure circulating levels of (A) TNFα and (B) 

CXCL10. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired, two-way t-test. Error bars 

represent SEM.  
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2.10 Figures 

Figure 12 CD47 expression is upregulated on hematopoietic cells in response to infection 
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Figure 13 CD47 is upregulated in response to host recognition of pathogens 
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Figure 14 CD47 expression is upregulated during HCV infection in vivo 
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Figure 15 HCV patient plasma induces CD47 expression ex vivo 
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Figure 16 CD47 upregulation suppressed immune responses in vivo 
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Figure 17 Supplementary figure. Circulating levels of TNFα and CXCL10 in Friend virus-

infected mice over the course of infection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

2.11 Article Statement 

 

Publication 1 

 

Michal Caspi Tal1, Laughing Bear Torrez Dulgeroff1, Lara Myers2, Lamin B. Cham3, 

Michaela Hasenkrug2 , Katrin D. Mayer-Barber4, Andrea C. Bohrer4, Ehydel Castro4,Ying 

Ying Yiu1, Cesar Lopez Angel5, Ed Pham5,6, Aaron B. Carmody7, Ronald J. Messer2, Eric 

Gars8, Jens Kortmann9, Maxim Markovic1, Karin E. Peterson2, Tyson A. Woods2, Clayton W. 

Winkler2, Dhananjay Wagh10,11, Benjamin J. Fram6, Thai Nguyen6, Daniel Corey1, Raja Sab 

Kalluru8, Niaz Banaei8, Jayakumar Rajadas11,12,13, Denise M. Monack5, Aijaz Ahmed6, Mark 

M. Davis5, Jeffrey S. Glenn5,6, Tom Adomati3, Karl S. Lang3, Kim J. Hasenkrug2, and Irving 

L. Weissman1 

Upregulation of CD47 is a host checkpoint response to pathogen recognition 

 

Name of the Journal   mBio 

Percentage of work done.   20% 

Authorship status    co-author 

Impact factor    6.74 

 

Declaration: Mr Lamin B. Cham planned and performed part of the 

experiments, analyzed the data and wrote part of the 

manuscript. 

 

Contribution to the publication 

 Writing and reviewing of the manuscript 

 Introduction: part of the literature research, review and correction 

 Material and methods: Writing part of material and methods 

 Results: Planning some experiments and in part execution with co-author 

 Discussion: Writing part of the discussion and critical reviewing with other co-

authors 



61 
 

 Results 

 Figure 1B: FACS analysis of spleen sample for the expression of CD47 on 

different immune cells. 

 Figure 5 A, B, C, D:  FACS analysis of blood and spleen sample, LCMV plaque 

assay. 

 Revision and Proof reading 

 Discussion on the reviewers comment, data analysis and drafting the manuscript 

to its final version. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

…………………………..                ……………………………. 

Lamin B. Cham        Prof. Dr. Karl S. Lang 

 



62 
 

 

 

 

 



63 
 

 

 

 

 

 

 

 

 

 

 

3 CHAPTER III: PUBLICATION II 

Immunotherapeutic Blockade of CD47 Inhibitory Signaling Enhances Innate and 

Adaptive Immune Responses to Viral Infection 

 

Lamin B. Cham1, Laughing Bear Torrez Dulgeroff2, Michal Caspi Tal2 , Tom 

Adomati1,  Fanghui Li1, Hilal Bhat1, Anfei Huang3, Philipp A. Lang3, Mary E. Moreno4, Jose 

M. Rivera4, Sofiya A. Galkina4, Galina Kosikova4, Cheryl A. Stoddart4, Joseph M. 

McCune4,5, Lara M. Myers6, Irving L. Weissman2, Karl S. Lang1,* and Kim J. Hasenkrug6,7* 

 

 

 

 

 

 

 

 



64 
 

3.1 Abstract 

Paradoxically, early host responses to infection include the upregulation of the anti-phagocytic 

molecule, CD47.  This suggests that CD47 blockade could enhance antigen presentation and 

subsequent immune responses. Indeed, mice treated with anti-CD47 monoclonal antibody 

following lymphocytic choriomeningitis virus infections showed increased activation of both 

macrophages and dendritic cells (DCs), enhancement of the kinetics and potency of CD8+ T 

cell responses, and significantly improved virus control. Treatment efficacy was critically 

dependent on both APCs and CD8+ T cells. In preliminary results from one of two cohorts of 

humanized mice infected with HIV-1 for 6 weeks, CD47 blockade reduced plasma p24 levels 

and restored CD4+ T cell counts. The results indicate that CD47 blockade not only enhances 

the function of innate immune cells, but also links to adaptive immune responses through 

improved APC function. As such, immunotherapy by CD47 blockade may have broad 

applicability to treat a wide range of infectious diseases. 

 

Keywords: CD47, LCMV, HIV-1, dendritic cells, innate immunity, adaptive immunity, 

checkpoint inhibitors 
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3.2 Introduction  

Integrin-associated protein (IAP), also known as CD47, is a ubiquitously expressed 

glycoprotein of the immunoglobulin superfamily (Barclay and Van den Berg, 2014; Liu et al., 

2017). In the immune system, CD47 interacts with  signal regulatory protein-alpha (SIRPα or 

CD172a), which is expressed on macrophages, dendritic cells (DCs) (Barclay and Van den 

Berg, 2014), and as recently reported, cytolytic T lymphocytes (Myers et al., 2019). The 

interaction of CD47 with SIRPα on macrophages and DCs  results in an anti-phagocytic 

(‘’Don’t Eat Me’’) signal as a result of the phosphorylation of immune-receptor tyrosine-based 

inhibitory motifs (ITIMs) within the cytoplasmic tail of SIRPα. Such phosphorylation leads to 

the recruitment and activation of Src homology 2 (SH2) domain-containing phosphatases, SHP-

1 and SHP-2, which in turn regulate downstream signaling pathways, usually in an inhibitory 

manner (Barclay and Van den Berg, 2014). The purpose of this inhibitory signaling is to prevent 

the phagocytosis of normal, healthy cells. High expression of CD47 on hematopoietic stem cells 

(HSC) assures their ability to migrate without being phagocytosed (Jaiswal et al., 2009) while 

loss of CD47 on aged red blood cells leads to macrophage-mediated programmed cell removal 

(PrCR) (Bian et al., 2016). There is also evidence that CD47- SIRPα interactions are important 

contributors to the maintenance of peripheral tolerance via STAT3 activation (Toledano et al., 

2013). CD47 also binds to, and acts as a signaling receptor for thrombospondin-1 (TSP-1), a 

secreted matricellular glycoprotein with important roles in multiple cellular functions including 

antiangiogenic activity (Isenberg et al., 2006), cell to cell adhesion, cell to matrix adhesion, 

proliferation, apoptosis inflammation and endothelial cell senescence (Sick et al., 2012) (Gao 

et al., 2016). Thus, CD47 can produce complex biological effects, although naïve mice with 

genetic inactivation of the CD47 gene display no obvious phenotypic abnormalities other than 

a short half-life of their red cells transfused into syngeneic wild type recipients (Lindberg et al., 

1996).  

CD47 was first cloned from an ovarian tumor cell (Campbell et al., 1992) and it is now 

known that all tumor cells upregulate CD47 to evade innate immune clearance (Betancur et al., 

2017; Chao et al., 2011; Jaiswal et al., 2009; Majeti et al., 2009). Thus, antibody-mediated 

CD47 blockade alone or paired with anti-cancer IgG1 antibodies such as rituximab has been 

pioneered as an immunotherapeutic to treat tumors in both animal models (Chao et al., 2011; 

Chao et al., 2010; Jaiswal et al., 2009; Majeti et al., 2009) (Schurch et al., 2019)  and in clinical 

trials (Advani et al., 2018). Mechanistic studies in mice have demonstrated that the anti-tumor 

effects from antibody-mediated CD47 blockade involve not only enhancement of macrophage-

mediated effects, but also macrophage and DC cross-priming of T cell responses that were 
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required for tumor elimination (Liu et al., 2015; Tseng et al., 2013). It was very recently shown 

that CD47 is upregulated in infected cells as a checkpoint response to pathogen recognition by 

infected cells and also in uninfected DCs in response to pro-inflammatory cytokine stimuli (Tal 

et al. co-submission). The upregulation of CD47 on DCs  suggests that downstream effects on 

T cell responses might also be occurring, especially in the context of inflammation or infection. 

Support for the idea that CD47 is acting in an immunosuppressive manner during infections 

comes from results showing that all pox viruses encode a CD47 mimic (Cameron et al., 2005a; 

Campbell et al., 1992). The best studied mimic is that of Myxoma virus, which not only 

downregulates macrophage and T cell activation in vivo (Cameron et al., 2005a), but is a potent 

virulence factor required for in vivo virus spread (Cameron et al., 2005b). These findings 

suggest that antibody-mediated CD47 blockade during viral infection might enhance immunity 

and lead to quicker virus clearance.  

To address this issue we investigated the immune responses of mice that were treated with anti-

CD47 blocking antibodies during infection with the virulent WE strain of lymphocytic 

Choriomeningitis virus (LCMV) (Zapata et al., 2011) (Ciurea et al., 1999; Lehmann-Grube, 

1971). The WE strain is similar to the Armstrong (Arm) strain in the induction of acute, self-

resolving infections that are cleared from C57BL/6 mice in a CD8+ T cell-dependent manner 

(Fung-Leung et al., 1991) with similar kinetics (Moskophidis et al., 1995). LCMV is a natural 

pathogen of mice and can cause zoonotic infections in humans with clinical signs ranging from 

unnoticeable to severe. LCMV has been extensively used as model pathogen to study basic 

mechanisms of immunity. We also tested CD47 blockade during established human 

immunodeficiency virus (HIV-1) infections in SCID-hu mice (McCune et al., 1988) implanted 

with human fetal liver, thymus, and peripheral lymphoid organs. Our results demonstrate that 

using anti-CD47 as a therapeutic checkpoint inhibitor significantly improved the host responses 

to two widely-disparate infectious diseases. The mechanisms of action of CD47 blockade 

suggest broad applicability to an extensive range of infections. 
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3.3 STAR METHODS 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Materials. Further information and requests for resources and reagents should be directed to 

and will be fulfilled by the Lead Contact: Khasenkrug@nih.gov.  This study did not generate 

new unique reagents.  

EXPERIMENTAL MODEL AND SUBJECT DETAILS  

3.3.1 Mice used in LCMV studies.  

Inbred C57BL/6J (WT) (RRID:IMSR_JAX:000664), and B6.129P2-Tcrbtm1Mom/J (TCRb−/−) 

(RRID:IMSR_JAX:002118) mice were purchased from Jackson Laboratory. P14 mice 

expressing the LCMV-GP33-41-specific TCR as a transgene were originally obtained from 

Prof. Tak W. Mak (The Campbell Family Cancer Research Institute and University Health 

Network, Toronto, Canada). P14 mice were maintained on CD45.1 background and were used 

for CD8+ T cell transfer and co-culture experiments (P14.CD45.1). The CD11c-DTRtg mice 

were maintained on C57BL/6J background and experiments were performed at Prof. Phillip 

Lang’s lab (Heinrich-Heine-University, Dusseldorf). B6.129P2-Sirpatm1Nog/Rbrc (SIRPα KO) 

(RRID:IMDR_RBRC01544) mice All experiments were performed using female mice, greater 

than 8 weeks of age, housed in ventilated cages and the health status of the mice was checked 

daily. Animal experiments were done with the authorization of Veterinäramt Nordrhein-

Westfalen (Düsseldorf, Germany) and in accordance with the German law for animal 

protection.  

3.3.2 In vitro CD8 activation with BMDCs.  

Bone marrow-derived dendritic cells (BMDCs) were derived from bone marrow harvested from 

the tibiae and femurs of 8 week old female C57BL/6J  mice. The cell suspensions were lysed 

of erythrocytes with ACK lysis buffer, washed, and cultured in 20ml VLE-DMEM media 

(FG1445; merckmillipore) supplemented with 5% culture supernatants containing murine GM-

CSF (prepared in house from X63-GM-CSF cell line culture), 10% heat inactivated fetal bovine 

serum (10270; Gibco), 1% penicillin, streptomycin and L-Glutamine solution (G6784 Sigma), 

and 0.1% 50mM beta mercaptoethanol (D4551, Sigma) to constitute a complete media (CM). 

The bone marrow cells were incubated at 37°C in a humidified atmosphere with 5% CO2 and 

fed another 20ml CM on day 3. On day five or six, the BMDCs were harvested for seeding in 

24 well plates at 1x105/well with 10 μg/ml anti-CD47 or isotype control antibody for 24 hours. 

mailto:Khasenkrug@nih.gov
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The media containing the antibody was removed and fresh media was added containing 5x105 

naïve CD8 T cells sorted from P14.CD45.1 mice, and 1 μg/ml of LCMV-gp33 or VSV-P52 

control peptide. The co-cultures were analyzed after 3 days. The CD8 T cells were isolated 

from splenocytes of LCMV-specific transgenic P14.CD45.1 mice using CD8+ T cell isolation 

kit (130-104-075, Miltenyi Biotec) and CD8+ T cell were obtained using manufacturer’s 

instructions. 

3.3.3 SCID-hu Thy/Liv Mice.  

All SCID-hu Thy/Liv experiments were performed at UCSF, and animal protocols were 

approved by the UCSF Institutional Animal Care and Use Committee. SCID-hu Thy/Liv mice 

were generated by implanting 6- or 7-week old male C.B-17 SCID mice 

(RRID:IMSR_TAC:cb17sc) with 1 mm3 pieces of fetal thymus and liver beneath the kidney 

capsule as previously described (Rabin et al., 1996) (Stoddart et al., 2007). Each cohort was 

transplanted with tissue from a different donor (Table 1). At 19 or 26 weeks post-transplant (as 

indicated in Table 1), stock virus (1,000 TCID50 ) or RPMI medium was injected directly into 

the surgically exposed Thy/Liv organ of anesthetized mice. Six-weeks post-inoculation, 

antibodies were diluted to 1.5 mg/mL in sterile Dulbecco's phosphate-buffered saline (PBS), 

and mice were treated with 300 μg anti-CD47 antibody, 5F9-hIgG4 (Lonza) or control antibody 

(Human IgG4 from Eureka Therapeutics Cat# ET904) three times a week, for three weeks. At 

that time the Thy/Liv implants were isolated from euthanized mice and dispersed through a 

sterile nylon mesh bag submerged in FASC buffer (PBS + 2% fetal bovine serum (FBS) to make 

single-cell suspensions for downstream analysis.  

METHOD DETAILS  

LCMV studies 

3.3.4 CD47 blockade.  

The CD47 blockade was done via daily intraperitoneal injections of 100 μg of anti-CD47 (Clone 

410 Cat#: BE0283) or isotype (rat IgG2a isotype) (Bio X Cell) from day 2 to day 6 post-

infection.  

3.3.5 Virus and plaque assays.  

The LCMV-WE virus stock (originally obtained from Prof. F. Lehmann-Grube, Heinrich Pette 

Institute, Hamburg, Germany) (Lehmann-Grube, 1971) was propagated on L929 cells. LCMV 

viral titers were detected by plaque-forming assays on MC57 fibroblasts (obtained from by the 

Ontario Cancer Institute, Canada) cultured at 37°C in Dulbecco’s modified Eagle medium 
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(DMEM) containing 2% fetal calf serum (FCS) and 1% penicillin/streptomycin. Organs were 

smashed and plasma was diluted in DMEM containing 2% FCS, titrated 1:3 over 12 steps, and 

incubated on MC57 cells. After 4 hours of incubation at 37°C, overlay methylcellulose was 

added and the cells were incubated for 48 hours followed by staining of LCMV plaques using 

an anti-LCMV-NP antibody (clone VL4).  

3.3.6 In vivo cell depletions. 

Macrophages were depleted with an intravenous injection of 300 ul/mouse of clodronate 

liposomes or no clodronate liposome controls at day -3 prior to infection. Both the clodronate 

liposomes and liposome controls were purchased at Liposoma B.V., Amsterdam, Netherlands. 

In the CD8+ T cell depletion experiments, 500 μg of anti-CD8 depleting antibody (clone 2.43 

cat no. BE0061 Bio X Cell)  was injected i.p at days -3 and day 1 relative to infection. CD4+ T 

cells were depleted in the same manner using 500 μg/mouse anti-CD4 (clone GK1.5 cat no. 

BE0003-1 Bio X Cell). The CD11c+ DCs were depleted using CD11c-DTRtg mice treated i.p 

with diphtheria toxin (Cat no. MFCD00163490, Sigma Aldrich) at 100ng/mouse at day -2 prior 

to infection. Cell subset depletions were confirmed by FACS analysis to be greater than 90% 

for all of the respective cells. 

3.3.7 Flow cytometry.  

Tetramers were provided by the Tetramer Facility of the National Institutes of Health (NIH; 

Bethesda, MD, USA). Cells were stained with allophycocyanin-labeled GP33 (GP33/H-2Db) 

and NP396 MHC class I tetramers for 15 min at 37°C and then with indicated antibodies for 30 

min at 4°C. For blood samples, erythrocytes were lysed with 1 ml BD lysing solution (BD 

Biosciences), washed once with fluorescence-activated cell sorting (FACS) buffer, and 

analyzed by flow cytometry. Absolute numbers of cells were calculated based on results from 

fluorescent calibrating beads (BD Biosciences). Surface antibodies: CD8a (53-6.7), CD19 

(eBio1D3 (1D3)), NK1.1 (PK136), CD3e CD4 (GK1.5), CD11c (N418), MHC class II 

(M5/114.15.2), F4/80 (BM8), CD107a (LAMP-1) and CD80 (16-10A1), were purchased from 

Thermo-fisher. Antibodies CD11b (M/70), CD44 (IM7) and CD86 (GL1) purchased from BD 

Biosciences. Stained cells were analyzed on a FACS Fortessa flow cytometer (BD Biosciences), 

and data were analyzed with the FlowJo software (FlowJo LLC, Ashland, OR, USA). 

3.3.8 Intracellular cytokine staining. 

 Spleens were homogenized, lysed with Ammonium-Chloride-Potassium (ACK) and cells were 

re-stimulated at 37°C with LCMV-GP33- specific peptide (PolyPeptide Laboratories, 

Strasbourg, France) for 6 h. Brefeldin A (BFA) was added for the last 5 hours. Cells were then 
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stained for 30 minutes with surface markers, fixed with 2% formaldehyde solution in PBS for 

10 min, permeabilized with 1% saponin solution, and then stained with anti-IFNγ (XMG 1.1, 

eBioscience) or TNF (MP6-XT22, eBioscience) antibodies for 30 minutes at 4°C.  

3.3.9 Adoptive Transfer of CD8+ T cells.  

CD8+ T cells were bead purified from splenocytes of WT or SIRPα KO mice using CD8+ T cell 

isolation kit (130-104-075, Miltenyi Biotec) and CD8+ T cells were obtained using procedure 

according to the manufacturer. 2.5 x106 naïve CD8 T cells from WT or SIRPα KO mice were 

transferred intravenously to TCRb−/− mice at day -1. The recipient TCRb−/− mice were then 

infected i.v with LCMV-WE at a dose of 1x104 PFU and mice were then treated with 100 

μg/mouse of anti-CD47 or isotype at day 2 to day 6 post infection. 

HIV Studies 

3.3.10 HIV-1 Virus.  

HIV molecular clone pYK-JRCSF (R5) from Dr. Irvin SY Chen and Dr. Yoshio Koyanagi 

(Cann et al., 1990; Haltiner et al., 1985; Koyanagi et al., 1987)  was obtained through the NIH 

AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH. Working 

stocks were prepared in HEK 293T cells by lipofectamine 2000 transfection, and virus was 

titrated in phytohemagglutinin (PHA)-activated peripheral blood mononuclear cells (PBMCs) 

to determine the TCID50 (50% tissue culture infectious dose) by limiting dilution and HIV-1 

p24 detection at day 7 by ELISA. 

3.3.11 p24 ELISA.  

To quantify HIV-1 antigen p24, 2.5 x106 cells from the Thy/Liv single cell suspension were 

lysed overnight at 4°C in lysing buffer (containing 1% Triton X-100, 0.5% deoxycholate, 5 mM 

EDTA, 25 mM Tris HCl, 250 mM NaCl, and 1% aprotinin) and stored at     -20°C. Cell lysates 

were transferred to HIV-1 p24 coated plates for quantitative ELISA (PerkinElmer Life 

Sciences), a standard curve was generated from supplied standards, and results were calculated 

as pg/106 cells. 

3.3.12 Branched DNA assay.  

5x106 cells from the Thy/Liv single cell suspension were stored as dry pellets at -80°C. Prior to 

bDNA assay cells were lysed mechanically in sterile disposable pestles and motor grinder 

(Kontes) in M guanidine HCl with 0.5% sodium N-lauroylsarcosine. RNA was then extracted 

with 500 uL 100% ethanol and pelleted at 12,000 × g for 20 min at 4°C. The RNA pellet was 

washed with 500 uL 70% ethanol and digested using supplied reagents according to 
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manufacturer instructions of the VERSANT™ HIV-1 RNA 3.0 Assay (Siemens Healthcare 

Diagnostics). HIV-1 RNA is expressed as copies/106 cells, and log10 values were used to 

calculate geometric means.  

3.3.13 Flow Cytometry Analysis of Thymocytes.  

Flow cytometry was used at the 6 weeks post infection time point to confirm implant quality. 

1x106 cell were used to analysis. Total Thy/Liv cellularity was then determined by cell count 

with a Coulter counter. Thymocyte subpopulations of all mice were determined by flow 

cytometric analysis of 1x106 cells from Thy/Liv single cell suspensions. Cells were stained in 

FACS buffer with antibodies for CD3, CD4, and CD8 and to quantify thymocyte 

subpopulations. 

QUANTIFICATION AND STATISTICAL ANALYSIS  

3.3.14 Statistical analysis. 

Student’s t-tests were used to detect statistically significant differences between 2 groups. 

Significant differences between more than two groups were detected by one-way analysis of 

variance (ANOVA) with multiple comparisons post hoc tests, or by Mann-Whitney U test as 

indicated in the figure and table legends. The level of statistical significance was set at P=0.05. 

Statistical comparisons were performed using GraphPad Prism version 7.0d for Mac, GraphPad 

Software, La Jolla California USA. 
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3.4 Results 

3.4.1 Anti-CD47 therapy reduces virus loads and activates innate and adaptive 

immunity.  

To determine if mice infected with LCMV upregulated expression of CD47 as reported for 

other infectious agents (Tal et al.), flow cytometry was used to analyze CD47 cell surface 

expression levels on 6 different hematopoietic cell subsets: macrophages, dendritic cells (DCs), 

B cells, NK cells, CD4+ T cells and CD8+ T cells at 3 days post-infection (dpi), the peak of the 

innate response.  Significant upregulation was observed on all subsets (Fig. 1A). We next 

investigated whether blockade of CD47-mediated signaling could affect virus control in mice 

infected with LCMV. Daily injection of anti-CD47 monoclonal antibody was initiated at two 

days post LCMV infection and continued for 5 injections. Virus titers were measured from the 

blood and kidneys (a site of persistent LCMV-WE (Ciurea et al., 1999)) in a kinetic manner. 

No significant difference in blood viremia was observed at 3 dpi, but by 5 dpi there was 

significantly lower viremia in the blood of treated mice (Fig. 1B). Viremia was cleared to below 

the level of detection in the blood of all treated mice by  8 dpi while the mock-treated mice still 

had a mean titer of  2.8 log10 (Fig. 1B).  Kidney virus levels in treated mice rose to lower levels 

than in mock-treated and began to resolve at a faster rate (Fig. 1C).  The anti-CD47 therapy 

produced a mean 27 fold reduction in kidney virus compared to mock-treated mice at 10 dpi 

(Figure 1C).  

We next analyzed immunological responses that might be involved in the mechanism of anti-

CD47-induced virus control.  Flow cytometric analysis of spleen cells revealed that anti-CD47 

therapy significantly increased the activation (CD86 expression) of macrophages by 5 dpi 

(Figure 1D) and DCs by 3 dpi (Figure 1E).  Furthermore, the numbers of splenic CD4+ and 

CD8+ T cells in anti-CD47 treated mice expanded at a significantly faster rate and to higher 

levels than than controls (Figure 1F, G). In treated mice, the LCMV-specific (tetramer+) CD8+ 

T cells expanded at similar rates but to higher levels (Figure 1H).  It is unclear at this time why 

the overall CD8+ T cell response in anti-CD47-treated mice contracted between days 7 and 10 

while the LCMV gp33-specific (Tetramer+) response was higher at 10 dpi than at 7 dpi.  At 7 

dpi, the peak of CD8+ T cell expansion in the anti-CD47 group, there were higher numbers of 

recently cytotoxic cells (as measured by cell surface CD107a expression) as well as higher 

numbers of IFNγ-producing cells, indicating that the CD8+ T cells were functional (Figure 1I).  

Thus, anti-CD47 treatment was associated with higher activation of APCs, higher levels of 

functional CD8+ T cells and more rapid clearance of LCMV infections. 
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3.4.2 Efficacy of CD47 blockade is dependent on CD8+ T cells and APCs.  

CD8+ T cells are known to play an essential role in the resolution of LCMV infections (Fung-

Leung et al., 1991; Lehmann-Grube, 1971) so it was of interest to determine whether they were 

critical for the efficacy of CD47 blockade. The anti-CD47 treatments were repeated, this time 

in mice depleted of CD8+ T cells prior to infection. In control animals, anti-CD47 therapy again 

reduced LCMV plasma virus to below the limit of detection by 8 dpi, but no virus reduction 

was observed when CD8+ T cells were depleted (Figure 2A). Furthermore, LCMV viremia did 

not even resolve by 10 dpi in the T cell depleted group, indicating that the efficacy of CD47 

blockade was dependent on CD8+ T cells. In contrast, depletion of CD4+ T cells did not affect 

CD47 blockade efficacy in reducing viremia and there was no detectable virus in any of the 

groups (Figure 2B). Macrophages express high levels of  the CD47 receptor (SIRPα) and are 

known to mediate much of the effect of anti-CD47 during tumor immunotherapy (Gu et al., 

2018; Schurch et al., 2019; Vaeteewoottacharn et al., 2019; Weiskopf et al., 2016). Thus, we 

next used clodronate-loaded liposomes to deplete macrophages in vivo prior to infection and 

observe the effects on CD8+ T cells and virus clearance. Overall, macrophage depletion resulted 

in a reduction of CD8+ T cell counts in the blood, but the CD8+ T cells still responded to anti-

CD47 treatment by significantly expanding (Figure 2C). Although the macrophage-depleted 

mice controlled plasma viremia very poorly, anti-CD47 treatment still resulted in a significant 

drop in viremia (Figure 2D). Thus, CD8+ T cells could still expand in response to CD47 

blockade and produce reductions in viremia. These results indicated that although macrophages 

were important in the CD8+ T cell responses and virus control,  APCs other than macrophages 

were also stimulating the CD8+ T cell responses. Since anti-CD47 also activated DCs, which 

are known to be important APCs for CD8+ T cell responses, we tested mice carrying a 

transgenic diphtheria toxin (DT) receptor driven by the CD11c promoter such that delivery of 

DT depleted the DC population. Of note, a lower dose of LCMV was used in these experiments 

as the DT-treated mice could not tolerate high dose infection. Compared to non-depleted mice, 

DC-depleted mice had dramatically reduced CD8+ T cell responses to LCMV infections and 

anti-CD47 treatment failed to elicit any significant CD8+ T cell responses (Figure 2E). 

Furthermore, the DC-depleted mice had very high viremia and no significant effect from anti-

CD47 was observed (Figure 2F). These results indicated that the effects of CD47 blockade on 

CD8+ T cells were mediated through DCs, likely by enhancing APC activity.  To directly test 

whether CD47 blockade stimulated the APC function of DCs, in vitro cultures of peptide-loaded 

DCs were incubated for 24 hours either with or without anti-CD47 antibody. The media was 

then removed and LCMV-specific CD8+ T cells were added to the culture to test for stimulation. 
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As expected, LCMV peptide-loaded DCs stimulated the CD8+ T cells to divide (Figure 2G) and 

produce IFNγ (Figure 2H). However, stimulation of the DCs with anti-CD47 prior to co-culture 

with CD8+ T cells resulted in even greater proliferation (Ki-67 expression) and IFNγ 

production by the CD8+ T cells (Figure 2G,H). Thus, even in optimized in vitro stimulation 

conditions, CD47 blockade provided the DCs with additional capacity to stimulate CD8+ T 

cells. Consistent with the results from the DC depletion experiments, these data further indicate 

that CD47 expression on DCs is important for the efficacy of CD47 blockade therapy. 

3.4.3 SIRPα expression on CD8+ T cells not required for CD47 blockade effects.  

The recent discovery that  cytolytic CD8+ T cell effectors express the CD47 receptor, SIRPα 

(Myers et al., 2019), suggested that CD47 blockade could have direct effects on CD8+ T cell 

signaling. To investigate the role of SIRPα on CD8+ T cells during immunotherapy, adoptive 

transfers of CD8+ T cells from either WT mice or mice with genetic inactivation of the SIRPa 

gene (SIRPα KO) were carried out using recipient mice that were genetically deficient in T 

cells due to targeted deletion of the alpha and beta T cell receptors (Mombaerts et al., 1992). 

The day after adoptive transfer of 2.5 million cells, the mice were infected with LCMV. Anti-

CD47 therapy was carried out from 2 dpi until 6 dpi, and the mice were euthanized for 

evaluation at 10 and 13 dpi.  SIRPα expression on CD8+ T cells from LCMV-infected WT 

donor mice was evident at 13 dpi whereas the donor cells from SIRPα KO mice showed no 

expression before or after infection (Figure 3A). The only significant difference observed 

between WT and SIRPα KO CD8+ T cells was that the CD8+ T cells from SIRPα KO mice 

expanded slightly but significantly less well than their wild type counterparts at 10 dpi in mock-

treated controls (Fig. 3B).  However, in the anti-CD47-treated mice, no differences between the 

donor types was observed indicating that anti-CD47-induced CD8+ T cell expansion was not 

dependent on SIRPα expression on the CD8+ T cells. The SIRPα KO CD8+ T cells produced 

equivalent proportions of LCMV-specific tetramer+ subpopulations (Figure 3C), CD107a+ 

subpopulations (Figure 3D) and IFNγ-producing subpopulations (Figure 3E). Mice receiving 

adoptive transfers of either WT or SIRPα KO CD8+ T cells responded equally well to anti-

CD47 therapy in better control of plasma viremia at 10 dpi (Fig. 1F) and kidney virus at 13 dpi 

(Figure 3G).   

3.4.4 CD47 Blockade During HIV-1 Infection of Humanized Mice.  

The finding that CD47 blockade led to reduced viral loads and enhanced innate and adaptive 

immune responses in LCMV infections in mice prompted us to further examine the applicability 

of this immunotherapeutic approach against viral infections. We tested anti-CD47 in a SCID-
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hu Thy/Liv mouse model of human immunodeficiency virus 1 (HIV-1). Humanized mice were 

generated by co-implantation of human fetal thymus and liver tissue beneath the kidney capsule 

of recipient SCID mice as described (Namikawa et al., 1990) (McCune et al., 1988). Humanized 

mouse models, such as the SCID-hu Thy/Liv model, are the only non-human animals that can 

be infected by pathogenic HIV, and the SCID-hu Thy/Liv model has been optimized and 

standardized for the preclinical evaluation of therapeutic drugs against HIV-1 (Stoddart et al., 

2007). In the absence of therapy, HIV-1 infection of such mice generally leads to progressive 

loss of CD4 positive and CD4/CD8 double positive cells in the thymic implant over the first 

month of infection (Bonyhadi et al., 1993) (Stoddart et al., 2007). Immunotherapy with anti-

CD47 was tested against an established infection, 6 weeks post-inoculation with the HIV-1 R5 

strain, JR-CSF. Two cohorts of mice reconstituted with tissue from separate donors were tested.  

Both cohorts of mice were equivalently reconstituted as demonstrated by the total cell 

yields from uninfected control mice at the 9 weeks post inoculation time-point (Table 1).  The 

mice were treated 3 times a week for 3 weeks with anti-CD47 or a control antibody. In the first 

cohort tested mice treated with anti-CD47 had a small but statistically significant reduction in 

HIV-1 p24 compared to untreated mice (Table 1, top). Furthermore, the treated mice 

demonstrated protection from HIV-1-induced CD4+ thymocyte depletion as they also had a 

small but statistically significant increase in CD4/CD8 ratios compared to untreated or control 

antibody-treated mice (Table 1). Of note, CD4+ T cell depletion in the controls of this cohort 

was not as severe (47-49% live thymocytes) as normally observed (Stoddart et al., 2007), 

suggesting that there was better inherent virus control than usual. A second cohort was tested 

that had more severe depletion levels (17% live thymocytes, Table 1, bottom) and in which no 

effect from anti-CD47 therapy was observed. These results suggested that the efficacy of CD47 

blockade could be dependent on host factors and clearly more research in this area is warranted. 

Note, however: while these experiments were in progress, a Presidential Executive Order 

banned government scientists (including K.J.H.) from using human fetal tissue in research and 

canceled the funding for a contract (awarded to U.C.S.F.) to test HIV therapeutics in humanized 

mice. Without a lifting of the ban, further experiments cannot go forward. 

 

 

 

 



76 
 

3.5 Discussion  

To date, a few studies addressing the role of CD47 in infectious diseases have been done 

comparing Cd47−/− mice with their wild type counterparts, and the results vary depending on 

the infectious agent. In experimental infections with Plasmodium species, Cd47−/− mice had 

reduced parasitemia and enhanced survival compared to WT mice, which was attributed to 

enhanced phagocytosis of infected RBCs (Ayi et al., 2016). Antibodies against SIRPα to block 

interactions with CD47 also enhanced survival in that study. Depending on the Plasmodium 

species, CD47 expression levels (for example on young versus old RBC’s) can strongly regulate 

both parasite invasion of RBCs and phagocytic uptake by macrophages (Ayi et al., 2016), 

(Banerjee et al., 2015). Additionally, in bacterial infection, deficiency of CD47 protects mice 

from LPS-induced acute lung injury and E. coli pneumonia (Su et al., 2008). An influenza 

vaccine study in Cd47−/− mice showed that they responded to vaccination with increased titers 

of virus-specific antibodies and were better protected than WT mice (Lee et al., 2016). In 

contrast to the studies showing better protection from infection in CD47-deficient mice, studies 

have also shown that CD47 may play protective roles. For example, Cd47−/− mice showed 

increased morbidity and mortality during Candida albicans infection, with more widely 

disseminated infection along with elevated neutrophil, macrophage and  CD4+ T cell infiltrates, 

and increased inflammatory cytokine levels indicating poorly controlled pro-inflammatory 

responses (Navarathna et al., 2015). Cd47−/− mice have also been shown to have decreased 

levels of NK cells in their bone marrow and decreased NK responses to and control of chronic 

Clone-13 lymphocytic choriomeningitis virus (LCMV) infections (Nath et al., 2018).   

A major drawback in interpreting results from studies on mice with genetic inactivation 

of CD47 is that lack of protein expression can exert dramatic impacts on development and 

differentiation as in the case of the diminished numbers of NK cells in the bone marrow of naïve 

mice noted above. Lifelong absence of the CD47 ‘don’t eat me molecule’ could allow 

emergence of cells induced to express or overexpress other ‘don’t eat me’ molecules such as 

PDL1 (Gordon et al., 2017) or MHC class I β2-microglobulin (Barkal et al., 2018). It has also 

been shown that macrophages developing in Cd47−/− mice are tolerant to xenografts and their 

macrophages are not fully functional (Lavender et al., 2013). To study the role of CD47 at the 

time of an infection in mice that had matured with wild type CD47 expression, we used a 

blocking monoclonal antibody following infection with LCMV. We observed that CD47 

blockade significantly enhanced not only innate immune responses, as indicated by increased 

activation of macrophages (Figure 1D), but also enhanced the activation of DCs to induce better 

expansion of T cells in vitro (Figure 2G, H) and in vivo (Figs. 1F-I, 2E, 3C, D). These results 
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indicate that CD47 acts as a checkpoint molecule that not only keeps innate immune responses 

in check, but that also has downstream effects on the activation of adaptive immune responses. 

Our depletion experiments showed roles for both macrophages and DCs in the expansion of 

CD8+ T cells in response to LCMV infection, with DC depletions showing a much more 

profound effect on CD8+ T cell expansion, infection levels and the ability to respond to anti-

CD47 therapy (Fig. 2).  One caveat that should be noted is that certain macrophage 

subpopulations of the alveolar, lamina propria, metallophillic and marginal zone express CD11c 

and are depleted by DT in CD11c-DTRtg mice.  Furthermore, some promiscuous expression of 

DTR occurs in CD11c-DTRtg mice that can result in some depletion of non-DCs (Roberts et 

al., 2015).  That said, those macrophages would likely have been depleted by the cholodronate 

treatments, which had much less effect on CD8+ T cells than the DT treatments. 

If CD47 blockade was disrupting inhibitory interactions directly with the SIRPα 

receptor on CD8+ T cells, one would expect that CD8+ T cells from SIRPα knockout mice to be 

unresponsive to blockade. However, in adoptive transfer experiments, T cells from SIRPα 

knockout mice responded equivalently to WT T cells (Figure 3). This result indicates that the 

activating effects of CD47 blockade were not acting directly through SIRPα on the T cells, but 

rather, indirectly. This finding is consistent with our results indicating that the effect of CD47 

blockade on CD8+ T cells was mediated via the better activation and APC function of DCs 

(Figure 2). Previously it was shown that SIRPα expression on CD8+ T cells marked the 

functional effectors and that CTL targets lacking CD47 expression were not killed as well by 

CD8+ CTLs (Myers et al., 2019). This result suggested that interactions between CD47 on target 

cells and SIRPα on CD8+ T cells were involved in, albeit not essential for cytolytic killing. 

While the current study did not directly assess CTL killing, we found no evidence for an 

essential role for SIRPα expression on CD8+ T cells in the resolution of LCMV infection. 

However, it was observed that the initial response of SIRPα+/+ CD8+ T cells to infection was 

slightly, but significantly more robust than the response of SIRPα-/- CD8+ T cells (Figure 3B). 

Taken together, evidence from this in vivo acute infection in which CD8+ T cells were critical 

for virus control (Figure 2A, D), indicated that SIRPα expression on CD8+ T cells was 

expendable. 

As an innate checkpoint inhibitor, anti-CD47, is unique in its ability to activate innate immune 

cells, and in doing so enhance downstream adaptive responses. More importantly, because 

CD47 is a host marker of self rather than a tumor or pathogen-specific cellular marker, the 

utility of CD47 blockade is not limited to a specific disease. There are currently several clinical 
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trials evaluating the safety and efficacy of CD47 blockade in cancer patients (Advani et al., 

2018)  and our results demonstrate that this therapeutic approach may also be effective in human 

viral infections. Although preliminary, our results from one cohort of HIV-1-infected 

humanized (SCID-hu Thy/Liv) mice are consistent with the possibility that anti-CD47 can 

reduce viral loads and provide protection from CD4+ T cell depletion, which we interpret as 

indicating that infected, and perhaps persistently-infected, cells of as yet unknown phenotype 

have induced CD47 to protect them from phagocytosis. It is currently unclear why the two 

cohorts responded so differently to anti-CD47 treatment. Since HIV patients have been well 

documented to vary in susceptibility to HIV infection due to genetic resistance factors (Lama 

and Planelles, 2007), donor tissue susceptibility or resistance to infection may be one possible 

explanation for treatment differences. Anti-CD47 treatment was only efficacious in the cohort 

where HIV infection had a reduced effect on thymocyte depletion, suggesting that there may 

be an infection level threshold beyond which anti-CD47-mediated immune enhancement  

cannot be effective.  Given the difficulty in eliciting immune-mediated reductions in established 

HIV infections further investigation is certainly warranted should this model once again become 

available for testing.  Other applications for CD47 blockade include non-resolving acute 

infections or persistent infections associated with Epstein-Barr virus, shingles, HPV, hepatitis 

B, and Herpes simplex virus 2. In fact, the non-specific nature of the mechanism of action 

involved in CD47 blockade suggests that a wide range of pathogens, not just viruses, could be 

amenable to therapy. 
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3.9 Figure legends 

3.9.1 Figure 1. Effects of CD47 blockade on LCMV infection in mice.   

(A) CD47 cell surface expression on splenic cell subsets was analyzed by flow cytometry 

expression at 3 days post-infection with LCMV-WE infected C57BL/6 mice. The gating 

strategy for the spleen cell subsets is shown in Figure S1. N = 4 mice per group. (B-I) C57BL/6 

mice infected with 2x106 PFU LCMV-WE were treated by intraperitoneal injection of 100 μg 

anti-CD47 or isotype at day 2,3,4,5,6 post infection and analyzed on the indicated days post-

infection for (B) plasma virus titers (C) kidney virus titers (D) CD86 expression on splenic 

macrophages and (E) dendritic cells analyzed from anti-CD47 treated and control mice.  Mice 

were also analyzed for (F) total number of CD4+ and (G) CD8+ T cells in the spleens of mice 

treated with anti-CD47 or isotype control antibody. Two-way ANOVA analysis showed a 

statistically significant difference in the kinetics for CD4+ T cells (P= 0.004) and CD8+ T cells 

(P = 0.0002).  The CD8+ T cells were further analyzed for: (H) total numbers of GP33-Tet+ 

CD8+ T cells at the indicated time points and (I) the numbers of  CD107a+ and IFNγ+ cells at 

7dpi, the peak of the CD8+ T cell response. Data shown are consistent with two independent 

experiments (n=7) and are shown as mean ± SEM.  Statistics comparing treated vs control mice 

were done by Student’s t-test: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.  

3.9.2 Figure 2. Involvement of various cell subsets in the mechanism of protection by 

CD47 blockade therapy.  

Plasma virus titers from C57BL/6 mice treated at day -1 and day 3 (relative to infection with 

2x106 PFU LCMV-WE) by intraperitoneal injection of (A) 500 μg anti-CD8 or isotype, (B) 

500ug anti-CD4 and then treated by intraperitoneal injection of 100 μg anti-CD47 at days 2, 3, 

4, 5, 6 post-infection.  Mice were bled on days 8 and 10 for analysis (n=4mice/group). (C, D) 

C57BL/6 mice were treated or not (as indicated) at day -3 (relative to infection with 2x106 PFU 

LCMV-WE) by intraperitoneal injection of 300ul chlodronate or liposome control, and 500 μg 

anti-CD8 or isotype control antibody.  Mice were then infected with 2x106 PFU LCMV-WE 

and treated (as indicated) intraperitoneally with 100 μg anti-CD47 or isotype control antibody 

at days 2, 3, 4, 5, 6 post-infection. (C) Total CD8+ T cells count from blood at 8 dpi and (D) 

plasma virus titers at 8 dpi (n=5 mice/group).  Statistics for C were done by Student’s t-test and 

for D with a One-Way ANOVA with a Tukey’s multiple comparisons post-test. P values are 

shown for comparisons of interest. (E, F) CD11c-DTRtg mice (5 mice/group) were injected  i.p 

with 100ng diphteria toxin or PBS/mouse at day -2 and then infected with  2x104 PFU LCMV-

WE. Mice were treated intraperitoneally with 100 μg anti-CD47 or isotype control antibody as 
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indicated at days 2, 3, 4, 5, 6 post-infection. (E) Total number of CD8+ T cells and (F) plasma 

virus titers from blood at 8 dpi.  Statistics were done by Student’s t-tests. No statistically 

significant differences were observed in panel F. (G, H) In vitro stimulation of 5x105 naïve 

CD8+ T cells sorted from P14.CD45.1 (LCMV-specific TCR Tg) mice co-cultured with 1x105 

wild type bone marrow-derived DCs that were pretreated with 10μg/ml anti-CD47 or isotype 

control and loaded with 1ug/ml of LCMV-gp33 or VSV-P52 control peptide antibody for 24 

hours. Co-cultures were analyzed after 72 hours for: percentages of (G) Ki-67+ CD8+ T cells 

and (H) IFNγ+ CD8+ T cells. The dashed lines indicate the limit of detection for virus assays. 

Data shown are consistent with at least two independent experiments and are shown as mean ± 

SEM. (n=4 mice/group). ns = not significant; Student’s t-tests were used to determine P values 

shown. The gating strategy for the spleen cell subsets is shown in Figure S1. 

3.9.3 Figure 3. In vivo responses of SIRPa+/+ or SIRPa−/− CD8+ T cells in LCMV-

infected mice treated with anti-CD47.    

Representative flow cytometric plots of SIRPα expression on (A) CD8+ T cells from spleens of 

naïve WT (SIRPa+/+) and SIRPα KO (SIRPa−/−) C57BL/6 mice (left), and from the same strains 

infected with LCMV-WE at 13 dpi (right). (B-G) 2.5 x106 naïve CD8+ T cells were sorted from 

splenocytes of WT or SIRPα KO mice (indicated as donor type) and were transferred 

intravenously into TCRb−/− mice at day -1. The recipient TCRb−/− mice were then infected i.v 

with 1x104 PFU LCMV-WE i.v and then treated daily with 100 μg/mouse of anti-CD47 or 

isotype control antibody from day 2 to day 6 post-infection.  Mice were euthanized for analysis 

at 10 dpi (n=5 mice/group) and 13 dpi (n=4 mice/group). Cumulative results from flow 

cytometric analysis of (B) total splenic CD8+ T cells (C) percentages of GP33-Tet+ CD8+ T 

cells, (D) percentages of  CD107a+ CD8+ T cells, (E) percentages of IFNγ-producing CD8+ T 

cells as measured by intracellular cytokine flow cytometry, (F) plasma viremia analyzed at 10 

and 13 dpi,  (G) kidney virus levels at 13 dpi. The dashed lines indicate the limit of detection 

for virus assays. Data shown are means ± SEM. Statistics were done by Ordinary one way 

ANOVA with Tukey’s multiple comparisons post-test,  *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. The gating strategy for the spleen cell subsets is shown in Figure S1. 

3.9.4 Table 1. Evaluation of anti-CD47 immunotherapy against established HIV-1 

infection in SCID-hu Thy/Liv mice.   

Mice were infected intrathymically with HIV-1 JR-CSF at 26 weeks post-engraftment (top) 

and at 19 weeks post-engraftment (bottom). Six weeks post-infection with HIV-1 JR-CSF 

SCID-hu mice were treated with 300 μg anti-CD47 three times a week for three weeks and 
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compared to IgG-treated controls and untreated mice. Antiviral efficacy was evaluated by 

branched DNA assay to measure HIV-1 RNA and by ELISA to measure HIV-1 antigen p24. 

Thymocyte protection was evaluated by FACS analysis of Thy/Liv implant thymocytes using 

antibodies for HLA-ABC, CD3, CD4, and CD8. Data shown are mean ± SEM. *P < 0.050 

was compared across indicated experimental groups by Mann-Whitney U test. 

Figure S1. Gating strategy for in vivo experiments. The figure depicts the gating strategy for 

flow cytometric analysis of splenocytes. (A) Forward scatter area (FSC-A) by forward scatter 

width (FSC-W) and (B) Side scatter area (SSC-A) by Side scatter width (SSC-W) were used to 

gate out debris and gate in singlets. (C) SSC-A by FSC-A was used to gate out erythrocytes and 

gate in lymphocytes and leukocytes. All subsequent analyses were done on these gated cells. 

(D) Macrophages and Dendritic cells were gated using CD11b+ and CD11c+. (E) T cells were 

gated on CD4+ and CD8+ and B cells (F) were gated on CD19+ by FSC-A. (G) Natural killer 

cells were gated on NK1.1+ by T cell receptor beta TCRβ negative. (H) CD8+ T cells were 

further gated to analyzed for recent cytotoxic activity using CD107a, (I) for virus specificity 

using Gp33 tetramers and (J) for recent cell replication using Ki-67. 
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3.11 Figures 

Figure 18 Graphical Abstract 
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Figure 19 Anti-CD47 therapy reduces virus loads and activates innate and adaptive 

immunity 
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Figure 20 Efficacy of CD47 blockade is dependent on CD8+ T cells and APCs 
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Figure 21 SIRPα expression on CD8+ T cells not required for CD47 blockade effects. 
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Figure 22 Anti-CD47 immunotherapy against established HIV-1 infection 
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Table 1. Evaluation of anti-CD47 immunotherapy against established HIV-1 infection in 

SCID-hu Thy/Liv mice infected 26 weeks post-engraftment. 

 

Group mice/gro
up 

Virus Drug Dose p24 HIV-1 RNA 
(log10 

copies/ 
106 cells 

FACS analysis Total cell yield 
(106) 

Live thymocyte 
yield 
(106) 

(pg/106 
cells) 

(% of 
control) 

Live 
thymocytes 

(%) 

CD4+CD8+ 
(%) 

CD4+ 
(%) 

CD8+ 
(%) 

CD4/CD8 
ratio 

A † 7 JR-CSF 300 ug anti-
CD47 

47 ± 
6.3* 

29 ± 
3.9 

4.4 ± 
0.17 

44 ± 5.2 70 ± 
7.5 

18 ± 5.3 6.8 ± 1.8 2.6 ± 0.13* 110 ± 64 57 ± 36 

B † 6 JR-CSF 300 ug control 
Ab 

96 ± 
14* 

60 ± 
8.9 

4.5 ± 
0.16 

47 ± 3.6 84 ± 
1.7* 

7.7 ± 
0.39* 

4.1 ± 0.41 1.9 ± 0.11* 140 ± 32 63 ± 13 

C 6 JR-CSF Untreated 160 ± 
43 

100 ± 
27 

4.8 ± 
0.16 

49 ± 2.8 76 ± 
4.6 

9.3 ± 1.4 4.9 ± 0.53 1.8 ± 0.13 240 ± 72 120 ± 40 

D 6 Medium — negative 0.0 ± 
0.0 

negative 45 ± 6.8 78 ± 
6.3 

13 ± 4.4 4.3 ± 1.0 2.7 ± 0.20 190 ± 49 99 ± 29 

 

†  group B: mouse excluded from analyses (whole body lymphoma). 

   group D: mouse implant excluded from analyses (abnormal cell profile). 

* P ≤ 0.050 compared to untreated JR-CSF-infected mice (group C) by Mann-Whitney U test. 

* P ≤ 0.050 control Ab treated JR-CSF-infected mice (group B) compared to anti-CD47 treated 

JR-CSF-infected mice (group A) by Mann-Whitney U test. 
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Figure 23 Supplementary Figure: Gating strategy for in vivo experiments 
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Figure 24 Anti-CD47 treatment during VSV infection 
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4.1 Discussion 

In these two studies, we investigated the upregulation of CD47 during a range of viral 

infections, mechanisms of CD47 upregulation and as an inhibitory molecule, we further blocked 

the CD47 using the anti-CD47 antibody and evaluated the immune response and virus control 

in LCMV, VSV and HIV infection. We initially studied the CD47 upregulation upon LCMV 

infection and we found that CD47 is upregulated not only in LCMV but also in Friend virus, 

VSV, HCV, HIV, bacterial and other infections. We show an immunosuppressive component 

mediated by upregulation of the CD47 “Don’t eat me” signal is induced on infected cells. 

Though it has been reported that the TNF-NFKB1 signaling pathway directly regulates CD47 

by interacting with a constitutive enhancer located within a CD47-associated SE specific to 

breast cancer (81). However, the underlying mechanism for the CD47 upregulation during 

infection is believed to be a general activation through Toll Like Receptors. Furthermore, pro-

inflammatory cytokines, including those found in the plasma of hepatitis C patients upregulate 

CD47 on uninfected dendritic cells, thereby linking innate modulation with downstream 

adaptive immune response. CD47 upregulation on immune cells was not limited to those 

directly infected by pathogens, but also upregulated on surveilling immune cells in response to 

recognition of pathogen. Notwithstanding, with dual expression of the receptor and ligand 

classically thought to interact in trans found upregulated on the same cell, this raises the 

question whether CD47 and SIRPα may have the capability to interact in cis within a cell. 

Our findings from different mode of infections unanimously indicate an upregulation of CD47, 

therefore, we propose that CD47 upregulation decreases innate immune cell activation and 

thereby reduce the likelihood of pathogenic inflammation from innate immune responses. 

These findings are consistent with reports from CD47 KO mice showing better recovery from 

malaria parasites, Escherichia coli infections, and improved influenza vaccine responses (105, 

106). However, the mechanistic effect of the expression of CD47 on poxvirus are shown to 

inhibit macrophages and T cells activation (82). We further investigate if our virus models also 

mimic CD47 but there was no expression and no similar CD47 viral sequence in LCMV and 

VSV. Thus, the CD47 expression on Poxvirus is a virus specific. However, depending on the 

infection, CD47 upregulation can increased morbidity and mortality. These differences point to 

an important role for CD47 in modulating inflammatory responses to infections, where CD47 

can either be protective or detrimental in a context-specific manner. These findings suggest 

there may be a therapeutic benefit of CD47 blockade in infection, whereby blockade may 

enhance innate immune responses to infection and license more effective adaptive immune 

response.  
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To date, several studies have been done using the anti-CD47 in various cancers with insight 

mechanisms of action of the antibody. Our study was novel in the infectious disease realm, 

similar to most cancer researches, anti-CD47 increases antigen presenting cells activation, 

enhance the proliferation, potency and activation of T cells in two distinct viral infections i.e 

LCMV and HIV. Similar to the blockade, the CD47 gene knockout was shown to be a host 

protective effect in various infections and detrimental in others. For instance, infections with 

Plasmodium species, Cd47−/− mice had reduced parasitemia and enhanced survival compared 

to WT mice. Deficiency of CD47 protects mice from LPS-induced acute lung injury and E. 

coli pneumonia and in influenza vaccine study in Cd47−/− mice showed that they responded to 

vaccination with increased titers of virus-specific antibodies and were better protected than WT 

mice. The deficient of CD47 was shown to be host protective in varieties of infections. On the 

contrary, genetic inactivation of CD47 was shown to be detrimental in LCMV and C. albican. 

The Cd47−/− mice have also been shown to have decreased levels of NK cells in their bone 

marrow, increased NK response and control of chronic Clone-13 lymphocytic choriomeningitis 

virus (LCMV) infections.  

In our study, we used the WT mice with an intact genetic development and then block the CD47 

ligand during LCMV. We observed a different phenotype of blocking antibody compare to the 

LCMV infection in Cd47 knockout mice because genetic inactivation of CD47 is that lack of 

protein expression can exert dramatic impacts on development and differentiation as in the case 

of the diminished numbers of NK cells in the bone marrow of naïve mice. Lifelong absence of 

the CD47 ‘don’t eat me molecule’ could allow emergence of cells induced to express or 

overexpress other ‘don’t eat me’ molecules such as PDL1  or MHC class I β2-microglobuli. It 

has also been shown that macrophages developing in Cd47−/− mice are tolerant to xenografts 

and their macrophages are not fully functional. 

Unlike the CD47 knockout mice, we observed that CD47 blockade significantly enhanced not 

only innate immune responses, as indicated by increased activation of macrophages, but also 

enhanced the activation of DCs to induce better expansion of T cells in vivo and in vitro. Our 

findings indicate that CD47 acts as a checkpoint molecule that not only keeps innate immune 

response in check, but that also has downstream effects on the activation of adaptive immune 

response.  

Since both innate and adaptive immune cells play vital role in the LCMV clearance and control, 

we initially depleted macrophages and treated with anti-CD47 and we observed an increased T 

cells response in the antibody treated mice. These results indicate the macrophages are off 
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course play a role in viral suppression but wasn’t key in the antibody mediated phenotype. We 

further depleted the DCs and contrary to the macrophages, the antibody mediated phenotype 

was impaired which result in to a conclusion that the DCs are essential for the T cells phenotype 

mediated by the antibody treatment. However, one caveat that should be noted is that certain 

macrophage subpopulations of the alveolar, lamina propria, metallophillic and marginal zone 

express CD11c and are depleted by DT in CD11cDTR mice. It is well known and established 

that CD8 T cells are key in LCMV clearance and control, we further deplete the CD8 T cells 

but virus control was comparable in both the antibody treated and isotype, indicating that the 

effect of the antibody mediated virus clearance was CD8 T cells dependent. 

One of the most studied and known interaction of the CD47 is its interaction with Sirpa on 

macrophages. We evaluated whether the Sirpa expression hinders the anti-CD47 phenotype. 

CD47 blockade disrupts inhibitory interactions directly with the SIRPα receptor on CD8+ T 

cells. The adoptive transfer of Sirpa wild type and knockout T cells and further treated with 

antibody shows a similar phenotype. This finding indicates that the activating effects of CD47 

blockade were not acting directly through SIRPα on the T cells, but rather, indirectly. This 

finding is consistent with our results indicating that the effect of CD47 blockade on CD8+ T 

cells was mediated via the better activation and APC function of DCs. 

Similar to the effect of CD47 knockout in influenza virus, the treatment of anti-CD47 in the 

VSV infection show an increased VSV neutralizing antibody response in the antibody treated 

mice. These mice also had a better survival rate compare to control mice after an infection of a 

lethal dose. These findings indicate that the anti-CD47 dose not only activate T cells but also B 

cells response and will be vital to most viral infection whose clearance and control is mediated 

by B cells. These results   also indicate the potency of the antibody in the enhancement of 

vaccination. 

With the observed broad applicability of the anti-CD47 and its mechanisms of action, we 

employed the antibody treatment in a distinct human virus model, the HIV in a humanized mice. 

Our result shown a similar pattern as that of the LCMV infection. The treatment of anti-CD47 

show a reduced HIV antigen, and interestingly restore both the CD4 and CD8 counts to a level 

compare to the healthy mice. The potential of the antibody to restore T cells counts in HIV 

infection proves that the anti-CD47 is a promising potential target for immunotherapy against 

range of virus infections. 

In conclusion, the treatment of anti-CD47 enhances macrophages and DCs activation and 

thereby results in increased activation and potency of CD8 T cells and enhanced virus-specific 
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neutralizing antibodies. Thus, the antibody mediates an enhance activation of both innate and 

adaptive immune cells in VSV, LCMV and HIV infections. This potency of the antibody 

mediating a similar immunological effect in all three distinct viral infections indicate that the 

anti-CD47 could be a promising immune-therapeutical target against various human virus 

infections. Other possible applications for CD47 blockade might include non-resolving acute 

and persistent infections associated with Epstein-Barr virus, shingles, HPV, hepatitis B, and 

Herpes simplex virus 2. 

Interestingly, the anti-CD47 is currently under clinical trial for cancer and reference to our 

findings, anti-CD47 could be amenable to therapy for infectious diseases. 
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