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    Chapter 2   

 Production and Characterization of Humanized 
Rag2 −/− γc −/−  Mice 
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    Abstract 

   Mice reconstituted with human immune cells represent a model to study the development and functionality 
of the human immune system. Recent improvements in humanized mice have resulted in multi-lineage 
hematopoiesis, prolonged human cell engraftment that is detectable in many mouse organs, and the ability 
to generate de novo human innate and adaptive immune responses. Here, we describe the methods used 
to produce and characterize humanized Rag2 −/− γc −/−  mice.  

  Key words     Humanized mice  ,   Animal disease models  ,   Hematopoietic stem cells  ,   Stem cell transplan-
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1       Introduction 

 The preclinical evaluation of therapeutics for a variety of human 
diseases has relied mainly on the use of small animals and nonhuman 
primates. Despite the genetic traits conserved between some of these 
animals and humans, species-specifi c differences exist. Among these 
differences are the susceptibility to infection by microbial pathogens, 
and the host immune response to those infections. The discovery of 
the severe combined immunodefi ciency mutation ( Prkdc  scid ) in mice 
(C.B-17 SCID mice) led to the fi rst attempts to use these animals 
for the development of effective in vivo models that more accu-
rately resemble the complexity of human biology [ 1 ]. One such 
development has been the “humanization” of mice. 

 Humanized mice are described as immunocompetent mice 
capable of transgenically expressing human genes, or immunodefi -
cient mice capable of being engrafted with cells of human origin 
(typically hematopoietic stem cells, HSCs, or peripheral blood 
mononuclear cells, PBMCs). These models have provided impor-
tant fi ndings relevant to various fundamental aspects of human 
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biology and immunology, including human hemato-lymphopoiesis, 
innate and adaptive immune responses, autoimmune diseases, 
infectious diseases, and cancer [ 2 ,  3 ]. The introduction of addi-
tional genetic modifi cations capable of overcoming the limitations 
(e.g., engraftment barriers) present in the earlier models of human-
ized mice has permitted a gradual optimization in the generation 
of such mouse models. Thus, in the past two decades various 
improved humanized mouse models have been developed [ 4 ,  5 ]. 

 A more recent innovation in the humanization of mice was 
achieved by crossing mice homozygous for a deletion in the recombi-
nation activating gene 2 (Rag2) with mice homozygous for a deletion 
in the common gamma chain receptor (γc) [ 6 ,  7 ]. Rag2 −/− γc −/−  mice 
are incapable of producing mature T, B, and NK cells because Rag2 is 
required to generate B and T cell receptors and γc is required for cyto-
kine signaling via IL-2 and IL-15 [ 8 ,  9 ]. Since T cells and NK cells 
play a major role in identifi cation and elimination of foreign cells, this 
mouse strain is ideal for humanization experiments. Transplantation 
of human HSCs into Rag2 −/− γc −/−  mice leads to human multi-lineage 
hematopoiesis and the development of the major functional compo-
nents of the human adaptive immune system. Human B and T cells, 
monocytes/macrophages, and dendritic cells are readily detected in 
lymphoid organs and in the periphery. Humanized mice have been 
useful in the study of viral pathogenesis and new treatment strategies 
for human viruses such as HIV-1, human T-lymphotropic virus, 
Epstein–Barr virus, human cytomegalovirus, and dengue virus [ 8 , 
 10 – 15 ]. In addition, these mice are capable of producing primary 
human adaptive immune responses such as human antibody and T 
cell responses against a variety of viral, bacterial, and other antigenic 
targets [ 6 ,  7 ,  16 ]. 

 In this chapter we describe the generation of humanized mice 
through purifi cation of human HSCs, intrahepatic transplantation 
into newborn BALB/c Rag2 −/− γc −/−  mice, and verifi cation of suc-
cessful engraftment through FACS analysis of peripheral blood 
samples.  

2      Materials 

      1.    Human CD34 +  Selection Kit (Miltenyi Biotec, Auburn, CA, 
USA, or Stem Cell Technologies, Vancouver, BC, Canada). 
We have successfully used both kits.   

   2.    Iscove’s Modifi ed Dulbecco’s Medium supplemented with 10 % 
fetal calf serum, 2 % penicillin–streptomycin, and 10 ng/ml each 
of SCF, IL-3, and IL-6. Filter-sterilize the medium and store 
at 4 °C.      

2.1  Purifi cation 
and Culture of Human 
Hematopoietic Stem 
Cells
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      1.    BALB/c Rag2 −/−  γc −/−  mice ( see   Note 1 ).   
   2.    28 gauge insulin syringes.   
   3.    Cultured human HSCs.   
   4.    Iscove’s Modifi ed Dulbecco’s Medium.      

      1.    Heating pad.   
   2.    Mouse restraint apparatus (Model TV-150; Braintree scientifi c 

Inc., Braintree, MA, USA). This device has a groove across the 
top. A plunger prevents the mouse from escaping.   

   3.    Scalpel blade (surgical blade stainless steel No. 11).   
   4.    Gauze pads.   
   5.    Styptic powder (Kwik-Stop Styptic Powder with Benzocaine; 

ARC Laboratories).   
   6.    Heparinized microcapillary tubes (Heparinized Micro-

hematocrit capillary tubes; Thermo Fisher Scientifi c Inc., 
Waltham, MA, USA).   

   7.    Micropipettor with tips.      

      1.    Antibodies: hCD45-PE-Cy7 and mCD45-PE (eBioscience, 
San Diego, CA, USA).   

   2.    10× ammonium chloride erythrocyte lysing solution: Dissolve 
89.9 g NH 4 Cl, 10.0 g KHCO 3 , and 370.0 mg tetrasodium 
EDTA in 1 liter of ddH 2 O. Adjust pH to 7.3. Store at 4 °C in 
full, tightly closed 50 ml tubes. Dilute to 1× with ddH 2 O and 
use immediately.   

   3.    FACS stain buffer: 1× PBS, 0.1 % BSA, and 0.1 % sodium 
azide. Store at 4 °C.   

   4.    Fc blocking buffer: Human Gamma Globulin (Jackson 
Immunoresearch Labs, West Grove, PA, USA), Normal Mouse 
Serum (Jackson Immunoresearch Labs), 2.4G2 monoclonal 
antibody to murine CD16/CD32 (BD, Franklin Lakes, NJ, 
USA). Reconstitute Normal Mouse Serum with 5.0 ml of 
ddH20. Add 2 ml of Human Gamma Globulin. Add 200 μl of 
2.4G2 anti-mouse CD16/CD32. Store at 4 °C.   

   5.    1 % paraformaldehyde in 1× PBS: Paraformaldehyde does not 
dissolve effectively in PBS. Prepare a stock of 2 % paraformal-
dehyde in ddH 2 O and a stock of 2× PBS in ddH 2 O. Mix these 
solutions together in equal parts and store at 4 °C.   

   6.    Flow cytometer.   
   7.    FACS tubes.       

2.2  Transplantation 
of BALB/c Rag2 −/−  
γc −/−  Mice with Human 
HSCs

2.3  Bleeding Mice to 
Screen for Human Cell 
Engraftment

2.4  FACS Analysis 
to Detect and Quantify 
Human Cell 
Engraftment
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3     Methods 

      1.    CD34 +  human HSCs are purifi ed from human umbilical cord 
blood or other sources ( see   Note 2 ) using magnetically labeled 
antibodies according to the manufacturer’s protocol. CD34 +  
cells are cultured for 40–48 h ( see   Note 3 ) post extraction in 
IMDM supplemented with 10 % FCS, 1× penicillin/strepto-
mycin, and 10 ng/ml each of IL-3, IL-6, and SCF.   

   2.    Resuspend cells by repeated pipetting, since many cells will be 
semi-adherent. Count cells using a hemocytometer. Samples 
used for engrafting mice may be divided to engraft multiple 
mice.   

   3.    Centrifuge samples for 3 min at 900 ×  g  and discard the super-
natant. Resuspend the cell pellet in serum-free IMDM. 
Approximately 30–50 μl of re-suspended cells is best for an 
individual mouse injection. Divide the solution into different 
samples equal to the number of pups that will be engrafted. We 
use a minimal dose of 250,000 cells per mouse in order to 
achieve consistent, high-level engraftment ( see   Note 4 ).      

      1.    1- to 5-day-old pups ( see   Note 5 ) are conditioned by gamma 
irradiation at a dose of 350 rads. Wait at least 1 h between 
irradiation and cell injection. Care must be taken to prevent 
animals from being exposed to mouse pathogens during trans-
portation and cell injection ( see   Note 6 ).      

      1.    Add 30–50 μl of CD34 +  cells in solution into each syringe. 
The exact volume depends upon the age and size of the pups 
( see   Note 7 ). 30 μl is best for 1-day-old pups. Since some volume 
is retained in the needle after injection, larger volumes are pref-
erable for older pups in order to prevent loss of cells due to 
retention of liquid in the syringe.   

   2.    Place pups on their backs and stretch out their bodies to allow 
visualization of the liver. Since pups are albino, the liver is readily 
visible. Pups are injected with cells in the liver at a depth of 
1–2 mm. Greater depths can result in bleeding from the injec-
tion site. Following injection keep the syringe inserted for 20 s 
to prevent cells from being expelled after needle withdrawal. 
Upon completion of the injection, place the pups back with 
their mother.      

      1.    Eight weeks post reconstitution, mice should be screened for 
human cell engraftment. Warm up the mice by placing them in 
an empty plastic cage on top of a heating pad. Allow at least 
5 min for the mice to suffi ciently heat up. The mice are warm 
enough when their movements are rapid and they are breathing 
quickly.   

3.1  Preparation 
of Human HSCs for 
Transplantation

3.2  Conditioning 
Pups for 
Transplantation

3.3  Transplantation 
of Pups with Human 
HSCs

3.4  Bleeding Mice 
for FACS Analysis
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   2.    Remove a mouse from the heating cage and place it in the 
restraint apparatus. Holding the mouse by the tail, gently pull 
the mouse (tail fi rst) into the apparatus. Pull the tail along the 
groove in the top of the apparatus, thus pulling the mouse into 
the apparatus. Push the plunger into the front of the apparatus 
so that the mouse is held inside ( see   Note 8 ).   

   3.    Locate the veins on the tail and choose one for tail nick bleeding. 
Using the scalpel, make a small transverse cut across the selected 
vein. After the mouse begins to bleed, hold the capillary tube 
horizontally (to avoid forming air bubbles that can lead to 
clotting) at the cut site and begin collecting blood. When the 
capillary is full withdraw it (keeping it horizontal) and place 
the blood sample into an appropriately labeled microfuge tube.   

   4.    Pinch the tail above the cut site to stop the blood fl ow and 
wipe away any excess blood. Scoop out a small amount of styp-
tic powder and apply it to the cut site. Allow enough time for 
clotting to occur. Place the mouse back into its original cage.   

   5.    Eject the blood from the capillary tube using the micropipet-
tor and draw the capillary tube up and out of the microfuge 
tube as you eject the blood. This technique will prevent the 
blood from entering back into the capillary.      

      1.    Lyse red blood cells by adding 1.4 ml of erythrocyte lysing 
solution per 100 μl of blood. Incubate at room temperature 
for 5–10 min. Centrifuge samples at 900 ×  g  for 3 min. Discard 
the supernatant and resuspend the cell pellet in 100 μl of FACS 
stain buffer.   

   2.    Add 3 μl of Fc blocking buffer and place samples at 4 °C for 
15 min ( see   Note 9 ). Add 3 μl of both mCD45-PE and 
hCD45-PE-Cy7 to each sample and incubate at 4 °C for 
30 min. Keep light exposure to a minimum.   

   3.    Add 900 μl of 1 % paraformaldehyde in 1× PBS to each sample. 
Spin samples at 900 g for 3 min. Dispose of the supernatant 
and resuspend the pellet in 150 μl of 1× PBS solution. Transfer 
samples into FACS tubes and analyze by FACS.       

4     Notes 

     1.    There are multiple types of immunodefi cient mouse strains 
that support engraftment of human HSCs and multi-lineage 
hematopoiesis. The original SCID mouse retains natural killer 
(NK) cell activity and the SCID mutation can result in leaky 
production of lymphocytes in older mice; both NK cells and T 
lymphocytes recognize and reject foreign cells. As a result, 
strains with greater defects in NK and T cell development are now 
typically used, including Rag2 −/− γc −/−  mice, NOD/SCID mice, 

3.5  Preparing Blood 
Samples for FACS 
Analysis
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NOD/SCID γc −/−  mice, and Rag1 −/−  γc −/−  mice. Rag2 −/−  γc −/−  
mice are commercially available on a C57BL/6 background, 
but for unknown reasons these animals cannot be effectively 
engrafted (BALB/c Rag2 −/−  γc −/−  mice work effectively). 
Excellent reviews are available that explain the phenotype of 
each mutation, as well as the history of using these strains to 
produce humanized mice [ 3 ,  17 ].   

   2.    Three main sources are currently employed to obtain HSCs: 
umbilical cord blood, fetal liver, and mobilized peripheral 
blood. Magnetic separation techniques are commonly employed 
to purify CD34 +  cells. Umbilical cord blood is most readily 
available, but this source yields a low number of cells, at most 
1 × 10 6 . Relatively fewer mice can be engrafted per sample due 
to lower yields. Fetal liver samples have ethical constraints and 
few suppliers exist, but these samples yield more cells. Fetal liver 
samples commonly yield greater than 20 × 10 6  cells. We have no 
experience using mobilized peripheral blood and this source is 
rarely used to produce humanized mice [ 18 ,  19 ].   

   3.    CD34 +  cells are cultured for 40–48 h in order to obtain maxi-
mum expansion of the hematopoietic stem cell population while 
preventing differentiation of the stem cells. There is no method 
currently available to culture HSCs without eventual differentia-
tion and loss of potency for engraftment. Density of cells is 
critical for expansion during culture. Denser cell cultures grow 
more effi ciently than cultures that are less dense. We culture 
cells in 48-well plates since that provides the appropriate cell 
density for most umbilical cord blood-derived samples.   

   4.    The number of CD34 +  HSCs to inject varies considerably in 
the literature. In the original paper by Traggiai et al. showing 
HSC engraftment in Rag2 −/−  γc −/−  mice, they found engraft-
ment with as few as 3.8 × 10 4  CD34 +  HSCs [ 8 ]. We typically 
use at least 2.5 × 10 5  cells per mouse to achieve consistent, 
high-level engraftment. Some researchers use up to 1–2 × 10 6  
cells per mouse [ 20 ].   

   5.    Several experiments have shown that age of mice at the time of 
engraftment has an impact on the level of engraftment achieved. 
We have found that engraftment levels are superior when 
Rag2 −/−  γc −/−  pups are less than 5 days of age at the time of 
irradiation and transplantation. Attempts to engraft older 
Rag2 −/−  γc −/−  mice result in lower levels of engraftment. 
Different mouse strains can show effective engraftment with 
older mice (e.g., NOD/SCID γc −/− ), but in some cases differ-
ent conditioning techniques were used [ 19 ,  21 – 23 ].   

   6.    Immunodefi cient mice are housed in specifi c pathogen-free 
facilities because they are unable to defend against various 
types of infections. They are often given antibiotics in their 
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drinking water in order to prevent bacterial infection. When 
preparing mice for irradiation, they often have to leave the 
animal facility; therefore, great care must be taken to keep the 
animals pathogen-free while in transit so as to avoid contami-
nating the colony.   

   7.    Intrahepatic injection into newborn mice can be technically 
challenging. BALB/c mice are albino and hence the liver is 
readily visible. We typically inject a volume of 30–50 μl of cells 
per mouse. However, we fi nd that the volume used for cell injec-
tion must be smaller for 1-day-old pups; if not the inoculated 
cells can exit the injection site after withdrawing the needle 
due to pressure accumulated during injection. For smaller pups, 
we use an injection volume of 30 μl. Allow the needle to remain 
in place for 20 s to ensure that the cells will not be expelled from 
the mouse.   

   8.    Be careful not to catch the mouse’s feet between the plunger 
and the wall of the apparatus. Do not let go of the tail or the 
mouse may pull the tail inside. Animals can sometimes bury 
their heads underneath their bodies and suffocate, so make 
sure that the head stays up for access to fresh air.   

   9.    FACS analysis using cells from chimeric animals is more com-
plicated than using cells from a single organism due to the 
requirement to block nonspecifi c antibody binding to both 
human and mouse cells. We perform initial workup experiments 
with FACS antibodies on pure mouse blood or pure human 
blood to verify the accuracy of the staining. We block nonspe-
cifi c staining by using a combination mouse/human Fc block 
consisting of anti-mouse CD16/CD32, human gamma globu-
lin, and normal mouse serum ( see  Subheading  2 ). We typically 
use mouse monoclonal antibodies for FACS staining and we 
rarely detect background or cross-species staining.         
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