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Several reports have described the initiation of a primary immune response 
in tissue culture (1-4). The technique of Mishell and Dut ton  (5), however, is 
of particular interest, as it utilizes a single cell suspension as the donor cell 
source, and this makes possible a detailed investigation of whether different 
cell types are involved in the in vitro immune response. Such investigations 
depend on the preparation of purified cell populations, or populations spe- 
cifically depleted in a particular cell type. 

The present paper describes the use of bovine serum albumin density gradi- 
ents (6) to obtain partially purified mouse spleen cell preparations. The ac- 
t ivity of these cells was tested by  culturing them both in vitro, using the 
technique of Marbrook (7) based on that  of Mishell and Dutton,  and in vivo, 
using syngeneic irradiated mice as recipients (8-10). Sheep erythrocytes were 
used as antigen. The results have led to a partial characterization of three cell 
types involved in the in vitro response and have also demonstrated differences 
between the in vitro and in vivo assays of immune competence. 

Materials and Methods 

Animals.--Male and female mice, 7-9 wk old, of the highly inbred strains CBA (originally 
obtained from Harwell, Didcot, Berkshire, England) and C57BL (originally obtained from 
Dr. R. Bradley of the University of Melbourne, from Dr. L. W. Law of the National Institutes 
of Health, Bethesda, Md.) were used. (CBA X C57BL) F1 mice were also used. 

Antigen.--Sheep erythrocytes (SRBC) 1 were collected aseptically in Alsever's solution, 
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stored at least 7 days, and washed three times in a large volume of balanced salt solution 
before use. Routinely, 2 X l06 SRBC in culture medium were added to each culture. All 
sheep erythrocytes were obtained from a single sheep. 

Cell Culture Medium.--Medium 199 and fetal calf serum (FCS) and some ingredients for 
Eagle's Minimal Essential Medium with calcium (MEM) (11), namely sodium bicarbonate, 
glutamine, amino acids A and B, vitamins, and phenol red, were obtained from the Common- 
wealth Serum Laboratories, Melbourne, Australia. The concentrations of sodium chloride and 
sodium bicarbonate were modified from Eagle's original recommendations for use with a 
10% C02 gas mixture. A modified M E M  salt solution was prepared in 30 ml samples and 
stored (--16°C) until required to prepare 1 liter of medium. Final concentration of sodium 
chloride was 5.23 g/li ter and sodium bicarbonate, 4.48 g/liter. The medium was also supple- 
mented with sodium pyruvate (0.11 g/liter) and serine (0.21 g/liter), penicillin (4 X 104 
units/liter). The medium was made up to 1 liter with deionized distilled water (DDW). Fetal 
calf serum (100 ml) was then added. The medium was sterilized by Millipore filtration (0.45/~) 
and stored at  4°C until required. Additional glutamine was added if the medium was not used 
within 5 days of preparation. 

Preparation of Cells.--Tissues were removed aseptically from mice killed by cervical dis- 
location and bled from the jugular vein. 

Single cell suspensions were prepared by teasing the tissue gently on a stainless steel sieve 
(80 mesh, 0.005 inch diameter wire) in a Petri dish containing 10 ml medium 199. One end of 
the spleen capsule was cut and the cells released by gentle stroking with bent forceps. Cells 
were separated and suspended in the medium with a siliconized Pasteur pipette. Clumped 
cells were allowed to settle in the Petri dish for 2-3 rain, and the supernatant, which was 
virtually a suspension of single cells, was removed. This step is essential to obtain cell prepara- 
tions suitable for density gradient analysis. 

Cells were centrifuged (1100 rpm, 300 g, 7 min) and resuspended in BSA for gradient anal- 
ysis. The supernatant was discarded. 

Bone marrow cells were expressed frmn femurs by means of a syringe and attached needle 
containing cold medium 199. The marrow plugs were gently disrupted by aspiration through 
a 24 gauge needle. The suspension of cells was washed once, resuspended in cell culture fluid, 
and counted in a hemocytometer chamber. 

Thymus lobes were removed, care being taken to avoid fascial tissue which might have 
contained mediastinal lymph nodes. 

Density Gradient Analysis.--Bovine serum albumin (BSA) gradients were prepared as 
described previously by Shortman (6). The BSA was sterilized by two passages through 0.45 # 
Millipore filters. Spleen celt fractions of different density were pooled as desired, washed twice 
in the culture medium, and samples diluted in balanced salt solution before being counted on 
a Model B Coulter Counter equipped with a 100/~ aperture. The lower threshold was set to 
eliminate erythrocytes from the count. 

The optimal ratio of cells of different density in the final cell culture was determined by 
preliminary experiments in some cases, but was generally a matter  of necessity, determined 
by the number of cells recovered from the gradient. 

Cell Cultures.--The cell culture method used was similar to that  described by Marbrook 
(7). The cells were cultured on dialysis membranes in 1 ml medium, containing 2 X 106 SRBC 
and inserted into a 9 ml reservoir of medium. In some experiments two cell populations were 
cultured in the same vessel, separated by a nucleopore membrane (0.8 # pore size). 

Cultures were placed in a humidified incubator, 37°C with a constant flow of gas comprising 
10% C O 2 , 7 %  0 2 ,  and 83% N2 . 

Cultures were harvested at 3 days, and antibody-forming cells (PFC) to SRBC were 
assayed using the Cunningham and Szenberg (12) modification of the Jerue plaque technique 
(13) using guinea pig complement. Results reported are the mean of three cultures. Calcula- 
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tions to obtain density-distribution profiles were as follows: Y = (PFC per 106 cells added to 
culture) )< (number of cells per fraction)/(density increment of that fraction), where Y was 
finally expressed as a percentage of the maximum response in that particular experiment. 
X = density of each fraction. 

In Vivo Assay of Spleen Cell Responsiveness to SRBC.--Spleen cells were injected intra- 
venously into 7-9 wk old syngeneic mice which had been X-irradiated previously on the same 
day with 800 rads. Antigen (6)< l0 s SRBC) was injected simultaneously (8-10). 

Animals were killed 7 days later, their spleens were teased, and a sample was assayed for 
PFC using the Cunningham and Szenberg assay system. 

Calculations to obtain density profiles were as follows: Y = (PFC per spleen) )< (number 
of cells per fraction)/(density increment) per (number of cells injected), where Y was finally 
expressed as a percentage of the maximum response in that particular experiment. 

Phagocytic Cdls.--Phagocytic cells were assayed by culturing irradiated cell fractions 
under the usual conditions, for 4 hr only, and then harvesting and preparing duplicate cell 
smears. Slides were stained with Giemsa stain and 8-10 X 103 cells scanned per slide, and the 
proportion of ceils which had engulfed one or more SRBC's was estimated. 

Preparation of Anti-H2 Sera and Incubation of PFC.--The antisera were very kindly pre- 
pared by Dr. Graham Mitchell according to the method described by Miller and Mitchell 
(14). The anti-CBA serum was prepared in C57BL mice, and the anti-C57BL serum in CBA 
mice. Normal CBA serum was used as a control. Cells to be assayed (in 0.1 ml) were treated 
with 15/zl antiserum 4°C, 30 rain before assay. Guinea pig complement and SRBC were then 
added, and the assay was carried out as usual. 

Irradiation Procedures.- Mice were given a whole body dose of 800 rad under maximum 
backscatter conditions, using a Philips RT 250 machine operating at 250 kv, HVL (half value 
layer) was 0.8 ram. Cu and dose rate 127 rad/min. Mice were irradiated in groups of 10 in 
plastic containers flushed with a constant flow of air. Opposing fields were used. 

Spleen cell fractions were X-irradiated in Falcon plastic tubes (No. 2001, 17 X 100 mm) 
at a focal distance of 50 cm, with a dose rate of 746 rad/min. The cells were suspended in 
ice-cold culture medium which completely filled the tube. 

RESULTS 

T h e  results  are p resen ted  in two sections. T h e  first section describes s tudies 

compar ing  in v i t ro  and in v i v o  assays of the i m m u n e  competence  of pa r t i a l ly  

purif ied spleen cell popula t ions .  I n  the  second section, ev idence  is p resen ted  for 

the  presence of a three cell in te rac t ion  in the  in v i t ro  response to S R B C .  

Comparison of In Vivo and In Vitro Responses of Spleen Cell Fractions to 
SRBC. - -  

A direct comparison of activity of fractions prepared using a BSA density 
gradient: Mouse  spleen cells (C57BL X CBA)  F1,  were teased and f rac t iona ted .  

F rac t ions  were  washed,  counted,  and thei r  a c t i v i t y  assayed in v i v o  and in v i t ro ,  

using equal  number s  of cells f rom each fract ion.  Resu l t s  are shown in Fig. 1. 

(Similar results  were ob ta ined  using C B A  mice  as donors,  see Fig. 6). Fo r  ease 

of discussion, regions of the  grad ien t  h a v e  been des ignated  f ract ions  1-4. 

F rac t ion  1 consists of cells in the  dens i ty  range  less t h a n  1.0600 g / c m  3 1.0600 < 

f rac t ion  2 > 1.0645 ; 1.067 < f rac t ion 3 > 1.0695; 1.0700 < f rac t ion 4 > 1.075 
g / c m  3, 
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Fig. 1 indicates that there was a difference in the in vivo and in vitro profiles 
of responsiveness to SRBC. Fraction 3, the peak of the in vivo activity, func- 
tioned very poorly in vitro. Fraction 2 was the peak of in vitro activity and 
corresponded to a peak of in vivo activity. 

Confirmation of the profiles illustrated by Fig. 1 is shown in Fig. 2, which 
shows the dose response curves of fractions 2 and 3 in vivo and in vitro. I t  is 
evident that, in vivo, fraction 3 was more active than fraction 2 at all cell 
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FIo. l. Comparison of in vivo and in vitro responsiveness to SRBC of spleen ceil fractions 
from normal (CBA X C57BL) F1 mice. Cells in different regions of the gradient have been 
designated fractions 14 for convenience. 

concentrations. On the other hand, fraction 3 had very low activity in vitro 
at all cell concentrations and fraction 2 showed much higher activity. 

Role of the irradiated host in the in vivo assay: The difference in the activity 
of fraction 3 spleen cells in vivo and in vitro suggested that the irradiated 
animal in the in vivo assay was in fact contributing to the adoptive immune 
response. Macrophages and/or other cells from the irradiated recipient have 
been implicated in the adoptive immune response (4, 15, 16) and it was thought 
that the lack of in vitro activity of fraction 3 may have been due to a depletion 
of macrophages in this fraction. Since preliminary investigations indicated that 
the light density regions of the gradient were rich in macrophages, an experi- 
ment was carried out in which cells from the light density fraction 1 were 
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added to cell fractions from other regions of the gradient. The profile thus 
obtained was compared with the profile of fractions without added cells. The 
results are shown in Fig. 3. 

I t  is evident that  the in vitro profile obtained by adding fraction 1 cells to 
cells from other regions was now more similar to the in vivo profile shown in 
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FIO. 2. Dose response curves of fractions of normal spleen cells (F1) assayed in vivo and in 
vitro using SRBC as antigen. The fractions are defined in Fig. 1. The ordinate scale represents 
the number of PFC/spleen (in vivo) or the number of PFC/culture (in vitro). 

Fig. 1. Fraction 2 was stimulated by approximately 60 % on addition of fraction 
1, while fraction 3 was stimulated 20-30-fold in this experiment. A similar 
effect was obtained if cells in fraction 1 were irradiated (1000 rad) before 
addition to fraction 3. Typical results are shown in Table I. These data are 
consistent with the idea that fraction 1 contained a radiation-resistant com- 
ponent which stimulated cells in fraction 3 to yield a greater immune response. 

Density profile of the radiation-resistant stimulatory cell: A density profile of 
the radiation-resistant stimulatory cell was obtained by adding to cells from 
fraction 3 cells from other density regions which had previously been irradiated 
(1000 rad). Results are shown in Fig. 4. This figure also shows a density profile 



62 IMMUNE RESPONSE TO ERYTHROCYTES 

IOO- 

X 
.¢  

LI- 
0 

).. 
I - -  

Z 
UJ 
0 

<] 
U h 
n 

o,  o FRACTIONS + Fr I 

0 - - - - - 0  FRACTIONS ALONE 

Fr  I 

l/ 
i I ' 

I 
I 
I 

I 

I 

tl I ~ ! 
I .O50 1.060 LOTO I .o80  

DENSITY OF SPLEEN CELLS (g/cm 3) 
FIG. 3. Effect of fraction 1 on tile response of other normal  spleen cell fractions to SRBC 

in vitro. Fractions alone contained 10 X 106 cells per culture. The  effect of fraction 1 was shown 
by adding 5 X 106 fraction 1 cells to 10 X 106 cells of the other fractions. 

T A B L E  I 

Effect of X-Irradiation on Activity of Spleen Fraction 1 

Number of cells/ Spleen cell source* culture (X 10 -6) PFC/culture 

Exp. 1 Fr  1+ + 5 12 
Fr 1 (1000 rad) 5 < 2  

Fr 3 8 30 
F r 3 - b  Fr 1 8 + 5 214 
Fr 3 + Fr  1 (1000 rad) 8 + 5 140 

Exp. 2 l~r 1 5 270 
Fr 1 (1000 rad) 5 15 

Fr 3 5 60 
F r 3  + Fr 1 5 4- 5 1130 
Fr 3 + Fr 1 (I000 rad) 5 4- 5 226 

* Normal  CBA spleen cells were fractionated on a BSA densi ty gradient.  Fractions 1 and 
3 (defined in Fig. 1) were prepared and cultured in vitro. Where indicated, Fraction 1 was 
irradiated (1000 tad) in vitro, before culture. 

Fr, fraction. 
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of the phagocyt ic  cells in the same densi ty fractions. An in vi t ro response profile 
is shown for comparison. 

I t  is evident  tha t  the radiat ion-resis tant  cell profile did not  correlate well 
with the profile of phagocyt ic  cells. The  main  peak  of the radiat ion-resis tant  
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profile. Fraction 3 cells (8 X 106/culture) were added to 3 X 106 cells of different densities 
(given 1000 rads) and cultured with SRBC. The irradiated cells gave no response alone. 
(CBA mice). The in vitro response is shown for comparison. 

cell was in the densi ty  range less than  1.060 g / cm 3, with a smaller peak  of 
act ivi ty  in the dense region of the gradient.  

A t t empt s  to obtain s t imulat ion of fraction 3 by  fraction 1 across a nucleopore 
membrane (pore size 0.8 ~) were not  successful, al though other s t imula tory  
effects described later  in the paper  were obtained across such a membrane.  
I t  was tenta t ive ly  concluded, therefore, tha t  cell-cell contact  was necessary for 
the act ivi ty  of this component  in fraction 1. 
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I t  was also observed that addition of fraction 1 (1000 rad) caused aggrega- 
tion of ceils in populations which otherwise formed an even monolayer. This 
was readily observed in a microadaptation of the Marbrook tissue culture in 
which the ceils were grown on Millipore filters. (Auerbach, 1968, private com- 
munication). Dr. Auerbach observed that fraction 3 cells alone did not form 
cell aggregates, while a mixture of fraction 3 and fraction 1 (1000 tad) formed 
many aggregates. Similarly, thymus cells formed no clusters unless fraction 1 
(1000 rad) was added. ~ Further examination of the latter system showed the 
production of large pyroninophilic cells in such a culture, while none were 
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Fic. 5. Comparison of in vitro and primed in vivo profiles. Normal spleen cell fractions 
from F1 hybrid mice were assayed in vitro. Spleen cells from Fz mice which had been primed 
with SRBC 12 hr previously were fractionated and assayed in vivo. 

formed by either component alone. The possible significance of these observa- 
tions will be discussed. 

Relationship between fraction 2 cells and primed spleen cells: Density gradient 
analysis has demonstrated that mouse spleen cells contained two major popula- 
tions of plaque-forming cell (PFC) precursors. Fraction 3 (Fig. 1) was the peak 
of the in vivo response and depended on the presence of cells in fraction 1 for 
activity in vitro. Fraction 2, by contrast, was much less dependent on the 
addition of fraction 1 for activity, and although it contained only a small 
proportion of the radiation resistant cell, (Fig. 4) it was in fact the peak of 
the in vitro response. 

Another difference is illustrated in Fig. 2. Fraction 2 showed a linear dose- 
response curve in vivo, while fraction 3 showed an apparent exponential dose 
response. 

2 Haskill, J. S., Pauline Byrt, and J. Marbrook. Unpublished observations. 
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I t  was observed tha t  the  in v i t ro  profile of responsiveness  of no rma l  spleen 
cells to S R B C  was ve ry  similar  to the  in  v ivo profile of spleen cells t aken  f rom 
an  an imal  which had  been exposed to an t igen  wi th in  the  previous  12 hr  (17, 
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Fro. 6. Comparison of in vivo and in vitro profiles of CBA, C57BL, and F1 hybrid mice. 
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18). The two profiles are shown in Fig. 5. This evidence suggested that the cells 
in fraction 2 may have been "primed" cells, and that the in vitro profile was 
the profile of that particular population of PFC precursors which had previously 
been exposed to antigen or otherwise stimulated into a state which more readily 
responded in culture. 

T A B L E  II  

Effect of In Vivo Priming on C57 and (CBA .C57) F1 Spleen Activity In Vitro 

Increase over 
Spleen cell source* PFC/culture primary re- sponse 

(CBA.C57) F1 Untreated 670 
12 hr after SRBC in vivo 1050 1.6 

C57 Untreated 70 
12 hr  after SRBC in vivo 940 13.4 

* Cells from untrea ted  mice of the strain indicated, or from animals 12 hr  after an injec- 
tion of 109 sheep erythrocytes  (i.v.) were prepared for tissue culture as usual,  and cultures 
assayed for ant ibody-forming cells after 3 days in vitro. Standard deviation of the results 
was approximately 30%. 

CONTROL SPLEEN 
I0,000 

PRIMED SPLEEN 
Z (J6hr SRBC) 

d. ~.ooo. 

O. 

Ioo 
ix IOOx 10 6 

SPLEEN CELLS/MOUSE 

FIG. 7. Comparison of dose response of unfractionated normal  spleen cells and unfrac- 
t ionated primed (16 hr  after an injection of SRBC) spleen cells assayed in vivo. The  slope of 
the  control cells is 1.6, and of the primed cells 1.0 (log/log plot). 

Absence of primed cells in normal C57BL mice: Attempts in this laboratory 
and others 3 to obtain a primary immune response in vitro using C57BL spleen 
cells have not been successful, although an in vivo response was obtained. 
Density gradient analysis was carried out, therefore, on the in vivo profile of 
C57BL spleen cell responsiveness to SRBC to determine if there were any PFC 

3 Diener, E. Pr ivate  communication.  
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precursors in the fraction 2 region. Results  are shown in Fig. 6, and for com- 
parison, the profiles of CBA and (CBA.C57BL)F1 spleen cells. 

I t  may  be seen tha t  while the C57BL in vivo profile had peak act iv i ty  in the 
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3. Normal CBA spleen cells were fractionated, and fraction 1 irradiated with doses as 
shown. 5 X l0 s fraction 1 cells were cultured alone or with 5 X l06 fraction 3 cells. 

same densi ty  region as the CBA profile, there was v i r tua l ly  no act iv i ty  in the 
lighter densi ty  regions. If the suggestion is correct tha t  the in vi t ro  response is 
largely due to pr imed cells, then priming of C57BL mice should have had  a 
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much greater effect on the in vitro activity of the spleen cells than priming of 
either CBA or F1 hybrid mice. The results of such a priming experiment are 
shown in Table II ,  and it is evident that 12 hr priming with SRBC in vivo had 
a profound effect on the in vitro responsiveness of C57BL spleen cells, while 
only marginally affecting the F1 hybrid spleen responsiveness. 

Dose response of primed and unprimed spleen cells in vivo: Fig. 2 illustrates 
that fraction 3, the region of major in vivo response, showed an exponential 
dose response curve in vivo, while fraction 2 showed a linear dose response. The 
dose response of normal spleen cells in vivo was also exponential (Fig. 7). If  a 
cell in the donor inoculum or in the irradiated host was needed to initiate the 
immune response of PFC progenitors in fraction 3 or in the normal spleen cells, 
and if the linear dose-response of fraction 2 indicates that this initiatory cell 
is no longer required, then in vivo priming should also result in a decrease in 
cell interactions and a consequent decrease in the slope of the dose-response 
curve for unfractionated primed spleen cells. Fig. 7 illustrates that the in vivo 
dose response of unfractionated primed spleen cells is linear, and supports the 
suggestion that there exists in the spleens of CBA and C57-CBA mice a sub- 
population of PFC progenitors which have already been exposed to antigenic 
stimulation. 

Evidence for a Multi-Cell _Phenomenon in the In Vitro Response of Spleen 
Cells to SRBC.--Spleen cells of density range 1.067-1.0695 g/cm 3 (fraction 3) 
show an exponential dose-response curve when assayed in vivo (Fig. 2), sug- 
gesting that a multi-cell phenomenon is occurring in the response. There is also 
some evidence for a multi-cell phenomenon in the in vitro response of this 
fraction, in addition to the previously demonstrated enhancing effect of a 
radiation-resistant cell. The results in Table I show that X-irradiation of frac- 
tion 1 reduces, but does not eliminate, the interaction between fraction 1 and 
fraction 3, suggesting either that irradiation does have a partial effect on the 
radiation-resistant cell, or that fraction 1 consists of two components. In  the 
latter case, one component, the radiation resistant cell, would stimulate fraction 
3, while the second component might itself be stimulated by fraction 3 and in 
addition would be radiation-sensitive. 

To examine this possibility, cells from fraction 1 were subjected to a range 
of X-ray doses between 250 and 2000 rad and then assayed in vitro either alone 
or after mixing with an equal number of fraction 3 cells (Fig. 8). The activity 
of fraction 1 alone showed a different radiation dose-response curve to that of 
the cell mixture. The activity of fraction 1 alone declines rapidly and is in- 
hibited 95 % by 500 rad and 99.5 % by 1000 rad. The activity of fraction 1 
(irradiated) plus fraction 3 shows an initial decline and then a plateau between 
500 and 1500 tad. This curve was obtained by subtracting the number of 
plaques obtained when fraction 3 and fraction 1 (at the irradiation dose shown) 
were cultured separately from the response obtained when they were mixed. 
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I t  represents, therefore, the stimulation obtained on mixing the fractions, 
calculated as percentage of that obtained by mixing fraction 3 plus fraction 1 
unirradiated. Table I (Experiment 2) shows the extent of stimtflation obtained 
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spleen cell fractions (CBA). In  the experiment shown in the lower graph, 5 X 10 a fraction 1 
cells (irradiated and nonirradiated) were added to 8 X l0 6 cells of the other spleen cell frac- 
tions and assayed in vitro. Fig. 3 is shown again at  the top for comparison. 

by mixing fractions 1 and 3. This again suggests that there is not only a radia- 
tion-resistant component of fraction 1 which stimulates fraction 3, but also a 
radiation-sensitive component, itself stimulated by a component of fraction 3. 

Evidence for a Second Stimulatory Cell Using Specific H2-Antisera.--Fig. 9 
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also illustrates the stimulation obtained when fraction 3 and fraction 1 cells, 
irradiated or nonirradiated were mixed, but special interest has been directed 
to fraction 4 which is not stimulated at all by irradiated fraction 1 cells, but 
apparently stimulates, or is stimulated by, unirradiated fraction 1 cells. Analy- 

TABLE I I I  

Identification of PFC Precursors 

Spleen cell source 

PFC/culture* 

Assay in the presence of serum 

Normal CBA Anti CBA Anti C57 

(CBA.C57) F1 Fr l~t 20 0 0 
CBA Fr 4 14 0 20 
F1 Fr 1 + CBA Fr 4 140 0 24 

* Normal spleen cells from (CBA.C57) F1 mice and CBA mice were fractionated on sepa- 
rate BSA density gradients. Fractions were prepared as indicated and cultured in vitro 3 
days. Three assays were performed on each culture, in the presence of either normal serum 
or antiserum as indicated. 

:~ Fr, fraction. 

TABLE IV 

Comparison of In Vitro Activity of Thymus and Bone Marrow Cells with 
Fraction 1 and Fraction 4 Spleen Cells 

Cell type* Number of cells/culture (× 10-6) No. PFC/culture 

Fr 1:~ 5 63 
Fr  4 10 6 
Thymus  10 0 
Bone marrow 5 0 
F r l + f r 4  5 + 10 492 
Fr 1 + thymus 5 + 10 207 
Fr 1 -~- bone marrow 5 + 5 54 
Fr  4 ~- thymus 10 + 10 21 
Fr 4 ~- bone marrow 10 -[- 5 3 

* Fractions 1 and 4 were prepared after fractionafion of normal CBA spleen cells on a 
BSA density gradient. 

:~ Fr, fraction. 

sis of the stimulation occurring when fraction 1 and fraction 4 cells are mixed, 
using anti-H2 sera showed that the PFC precursor cells were all derived from 
fraction 1 (Table I I I ) .  In this experiment, fraction 1 cells were derived from 
F1 hybrids, and fraction 4 cells from CBA donors. In this way any nonspecific 
stimulation due to a mixed lymphocyte reaction would be in the direction of 
stimulating only the fraction 4 cells (Dutton, 19). Anti-CBA serum inhibited 
the PFC of both CBA and F1 hybrid type, while anti-C57BL serum inhibited 
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only PFC of F1 hybrid type. I t  is concluded, therefore, that  the PFC precursors 
in fraction 1 may  be stimulated by a component of fraction 4 which is pre- 
sumably also present in the neighboring fraction 3. 

Activity of Thymus Cells to Stimulate Fract ion/ . - -The SRBC responsiveness 
of fraction 1 may  be stimulated by fraction 4 and also by thymus cells, but  not 
by bone marrow cells (Table IV). The thymus is not regarded as a source of 
PFC precursor cells (20). The stimulation of fraction 1 by both thymus and 
fraction 4 has been observed to occur when the two cell populations were 
separated by a membrane, either nucleopore (pore size 0.8 ~) or dialysis. The 
effect, however, was variable, and usually about half of that  obtained when the 
cells were in contact. 

TABLE V 
Effect of Irradiation on Fraction 4 

Number of Cells/culture PFC/ Spleen cell type (X 10 -~) culture 

Exp. 1 Fr 1" 0.5 <2 
Fr 4 4.0 20 

F r l +  Fr4 0.5 + 4 112 
Fr 4 (1000 rad) 4.0 <2 

Fr 1 + Fr 4 (1000 tad) 0.5 + 4 2 

Exp. 2 Fr 1 2.5 44 
Fr 4 8.5 17 

F r l + F r 4  2.5 + 8.5 276 
Fr 4 (1000 rad) 8.5 <2 

Fr 1 + Fr 4 (1000 tad) 2.5 + 8.5 64 

* Fr, fraction. 

As a further test of the action of these "thymus-like" cells, they were sub- 
jected to a dose of 1000 rad in vitro and tested for their ability to enhance 
fraction 1 cells. The ability of fraction 4 to stimulate fraction 1 was inhibited 
by this treatment, suggesting that  either cellular proliferation or long-term 
maintenance of this cell was needed for enhancement (Table V). 

I t  was also observed that  fraction 4, obtained from ( C 5 7 B L ) <  CBA)F1 
mice, had no stimulatory effect when added to fraction 1 from either CBA or 
F1, although fraction 1 from F1 mice was stimulated by fraction 4 from CBA 
mice (Table I I I ) .  

In Vitro Profile of PFC Precursor Cell.--After the identification of a radiation- 
sensitive cell in fraction 1 and a radiation-sensitive cell in fraction 4, both of 
which stimulate the responsiveness of spleen cell fractions to SRBC, an a t tempt  
was made to determine the profile of the in vitro PFC-precursor. A small 
number (1 X 106 cells) of cells from a range of density-gradient fractions was 
added to a larger number of fraction 1 (1000 rad) and fraction 4 cells (5 X 106 + 
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5 X 106). I t  was thought that under these conditions the PFC precursors would 
be the limiting cells, and so the profile obtained would represent that of the 
precursor cells only. The mixture of fraction 1 (i000 rad) and fraction 4 cells 
alone gave a very low response, and this was subtracted from that of the 
response of the mixture plus the added cell fraction before the profile calcula- 
tions were made. A typical profile obtained in this way is illustrated in Fig. 10. 

Fr, I Fr2 I iFr311Fr't  

IOO 

PROGENITORS 

5 0 -  

~ _ , o o - ~  ~ ,  
Z I~ - , , - I  IN VITRO 
UJ 
/~ ,~ ~ IN VlVO 

<15o- ;,/ 
u 
h. / /  

"o-.,o- l.- -o- - o 
, , 

1-O50 1.O60 1.O70 I. 80 

DENSITY OF SPLEEN CELLS ( 9 / c m  3 )  
FIG. 10. PFC Progenitor Profile. Normal CBA spleen cells were fractionated. 5 X 106 

fraction 1 (1000 rad) plus 5 X 106 fraction 4 cells were added to 1 X 106 cell fractions and 
assayed in vitro with SRBC. The CBA in vitro and in vivo profiles are shown for comparison. 

There is activity in most density regions which corresponds with the in vivo 
response. The one notable exception is in the region of fraction 3. I t  should be 
noted also that this is the density region of maximal in vivo activity of the 
C57BL mice. 

DISCUSSION 

The demonstrations by Mishell and Dutton (5), and more recently by 
Marbrook (7), of the initiation of a "primary" response to erythrocyte antigens 
in suspension cultures of spleen cells, offer convenient methods for an analysis 
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of the cellular events involved in an immune response. A necessary prerequisite 
to furthering these studies is a demonstration that the immunological processes 
occurring in vivo can be satisfactorily reproduced in vitro. The primary aim of 
this report is to detail the results of a comparison of the adoptive transfer 
culture method (8-10) with that of the suspension culture method of Marbrook 
(7). The present study was also initiated with the hope of demonstrating im- 
munologically significant interactions between distinct cell types as provided 
by separation of spleen cells by equilibrium density gradient centrifugation 
(6, 17, 18). 

The data presented herein suggest that there are at least three distinct cell 
types involved in the in vitro primary immune response of CBA spleen cells. 
The possibility of such a complex situation has recently been suggested by 
Mosier and Copplestone (21). These three cell types have been classified as a 
result of direct comparisons between the in vivo and in vitro culture methods. 
They are (a) light density radiation-resistant cell, apparently not a phagocytic 
cell, (b) a radiation-sensitive cell, detected in the denser region of the gradient, 
and (c) the PFC precursor cell. I t  was not possible from the data obtained to 
conclude whether a phagocytic cell was involved in the in vitro response. They 
cannot be excluded since phagocytic cells are present in the highest numbers in 
the region of maximum in vitro response (Fig. 2). In addition, the lack of 
correlation between the profile of the radiation-resistant cell and that of the 
phagocytes does not necessarily indicate that the radiation-resistant cell is not 
a phagocytic cell. I t  may represent a small subpopulation of phagocytic cells 
with a specialized function. 

Recent work by Mosier (22) has suggested another possible role for this cell 
and is related to the observations that fraction 1 (irradiated) causes aggregation 
of cell populations which otherwise show no tendency to aggregate. Mosier has 
shown that the association of mouse spleen cells in clusters was essential for 
the primary immune response in vitro. No response was obtained in the absence 
of clusters. I t  is suggested, therefore, that the irradiation-resistant cell may 
have an important role to play in vitro by effecting the aggregation and thus the 
close association of the cells required for the response. The significance of the 
interaction that occurs in vitro between the radiation-sensitive, thymus-like 
cell in fraction 4 and the antibody-forming cell precursor is difficult to assess. 
If this same interaction occurs in vivo, the in vivo profile could be a composite 
of the profiles of the thymus-like cell and the PFC progenitor, and this may 
explain why the in vivo profile does not correspond exactly with th e profile for 
PFC precursors (Fig. 10), and may also explain the exponential dose-response 
curve of the in vivo response. 

I t  is not possible from the present data to eliminate the possibility that either 
of the interactions described is a "feeder-layer" effect, and that one of the cells 
is simply supplying some nutrient lacking in the culture medium. The fact 
that the thymus-like effect can be mediated across a dialysis membrane suggests 
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that the in vitro action of thymus cells may be simply a humoral one and not 
the same as has been demonstrated in vivo (14, 23). 

In addition, comparisons of in vivo and in vitro techniques are complicated 
by the fact that the in vivo environment is very complex, and such factors as 
recirculation of cells, recruitment of cells, the structural organization of the 
spleen, and the different homing efficiencies of cells of different size may all 
play additional roles. None of the present data show the induction of PFC's 
by the mixing of two populations which separately have zero activity, and so 
an absolute requirement of either of the auxiliary, cells has not been demon- 
strated. 

I t  has been suggested that the in vitro profile provides evidence for the 
presence of primed PFC progenitor cells. That is, cells which have in some 
manner already been exposed to antigen. Another possible explanation is that 
fraction 2 works in vitro because there is an excess of the thymus-like cell in 
this region, and that this excess of one of the interacting cells explains the linear 
dose response. The priming effect (Fig. 4) may represent an altered density 
distribution of the thymus-like cell, i.e. a depletion in the dense regions and an 
increase in the lighter density regions. If this is true, then the effect of priming 
on the C57BL mouse in vitro activity could represent an influx of such cells 
into the spleen or the transformation of some precursor cell. Within 10 hr of 
antigen stimulation in the rat, resting immune-competent cells from regions 
three and four are stimulated into cell cycle which is reflected by a decrease in 
density to that of fraction 2. (17, 18). Globerson has reported that nonre- 
spondent cells could be made to respond in vitro, provided that they were first 
stinmlated with the mitogen PHA (24, 25). I t  may be that the process described 
here as priming is in reality not an immune phenomenon, but rather a tissue 
culture requirement for cycling cells. 

An important question which remains unanswered after this investigation 
is whether or not the in vitro response is measuring the same response as is the 
adoptive transfer assay. Certainly, a significant portion of the response, espe- 
cially at low cell numbers, comes from the primed cell populations. As the 
numbers of cells per culture are increased, so are the possibilities of cell interac- 
tions. One of these, fraction 4 + fractions 1 and 2 leads to an increase in the 
primed response. The other fraction 1 and fraction 3 leads to what appears to 
be a primary response. At present it is not possible to know which of these latter 
two interactions gives the greatest number of antibody-forming cells in a 
culture of unfractionated spleen cells. Until this is known, it may not be feasible 
to study such phenomena as antigenic competition in in vitro cultures. 

SUMMARY 

The BSA density-gradient technique for separating mouse spleen cells into 
partially purified populations has been used to compare the responsiveness of 
such populations to SRBC using in vivo and in vitro techniques. Two major 
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populations were distinguished, one of which responded very well in vivo with 
an exponential dose response and poorly in vitro (fraction 3), and another 
which responded in vivo and in vitro with a linear dose response (fraction 2). 
A light density, radiation-resistant component was identified which markedly 
stimulated the response of fraction 3 in vitro, and a density gradient profile was 
obtained for this cell which did not correspond with a macrophage profile. A 
high density, radiation-sensitive cell was identified which stimulated the re- 
sponse of PFC  precursors in lighter regions of the gradient. The activity of this 
cell could be replaced using thymus cells. A density profile for the PFC pre- 
cursor cell was obtained by assaying small numbers of spleen cell fractions in 
the presence of an excess of the two auxiliary cell types. 

We wish to thank Miss Heather Jackson for her expert and untiring technical assistance 
and Dr. K. Shortman and Professor G. L. Ada for their encouragement and advice. 
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