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Fb.xnan granulocytes free of other cell types were obtained by cot~~terf low

caitrifugation , cryogenically preserved, and studied for stability and

f~.mction after thawing.

Isolation of granulocytes by counterflow ceitrifuga tion was optimal at

reduced teiperatures (4’~-lO~~~ in r*csphate buffered saline (or Ca~~ free

buffers) at pH 7.1. LA stabii.izing protein , or HES was required . Routinely,

1.2% hunan or bovine serun albunin was used . Hypero~~olar (310 mOs~bles)

buffers and post isolation
• 
handling in ice water baths was optimal for cryo- ‘7

genie preservation. Mdition of JI1SO at 22 produced transient shrinkage

initially which depended on the rate of ddi on , concentration and temerature.

Within 10-15 minutes, granulocytes returned to voltine , but continued to swell

equilibrating for one lxtur at 2O7~ larger volune . Ethidiun ts~take gradually

increased. After 24 lx urs , extr~ne swelling, lysis and ethidii.rn uptake was

observed at the highest concentration (10%) of LMSO. 11150 induced swelling

was prevented with HES .

Granulocytes (30 x io6 
- 50 x 106) were frozen in 2.0 ml volunes in

plastic tubes . The ccxnbination of 5% tIlSO , 6% HES , 4% albinin , . 02~4 glucose

in NornDsol-R at pH 7.1 produced the best yields . Granulocytes were first

cooled to 4°C , then to -80°C (approx . rate 4°C per minute) in a mechanical

freez er and finally stored in liquid nitrogen. Storage varied frcin days

to rronths . Granulocytes were thawed at 42°C by manual twirling the freezing

tubes and they were subsequently maintained in ice-water. They were diluted

3:1 dropwise with a roan t~~1erature solution of 7% HES , 1.2% a1b~.riin arid

— I- 
-~~~ _ _ _ _ _ _ _ _ _ _ _ _ _



— r ~~~ - - P W
F’~ ~J ~ .. .-.4_IIPL..I 

~~~~~~~~~~~~~~~~~ .fl. i~~iLI~_ u~~s.1~~~~~.M Ij  .~PUL ~~~~ I ~~~~~~~~~~~~ ~~~~~~~~~ _~~~~~~~~ ,

-2- t

.026 M glucose in ~~rnDsol. Particle ingestion tests were conducted by

• incubation at roan te~ erature for forty minutes with yeast or z’yn~ san

opsonized with autologous serun . Particles ingested were counted by

microfltx,rlinetry after t~~ washings at 150 x g.

Graiulocytes could not be cryogenical ly preserved in plasma or sertr~.

Heating or prefreezing of serun was ineffective, but dialysis or addition

of ED’IA overcsme the destructive effect of senin . Neither treaunent was an

in~,rov~nant over the standard freeze procedure using buffered allunin and
-

cryoprotective ca~,onents . ~-mercaptoethanol added to the freez ing ineditin

caused the production of a single Iu~cgeneous nopulation of o~ iotical1y

inert , non-viable , ethidiun reactive granulocvtes . This suggests that

oswregulation by granulocyte mEnbranes is a critical requiranent for

cryopreservation.

Preservation efficiency is species denendent , increasing in the order

of hui~n , baboon , guinea pig, and dog . Dog granulocytes can be stored for

at least 8 ii~~ths in liquid nitrogen with’ small loss of cells and functionality .

The present efficiency of preservation of , huian granulocvtes for 3-4 weeks t

of liquid nitrogen storage is 90-100% r~rphological and 40% functional recovery.

Att~~~ts to increase stability of thawed granulocytes with other additions to

o~z current procedure have so far proved fruitless. These have consisted of

lnosine, adenine , pyruvate, gluconate , vitardn C , ~-mercaotoethanol, p-phenyl-

n~thy1-sulfonylf1u ride, and tnennitol.
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INfl~DWCtI0N

Attai~ts to preserve white cells span the last three decades . In

the 1950’s, isolation methodology to obtain pure suspensions was the

major effort . A variety of aoproaches included induced neritoneal exudates

In animals , use of red cell lysins , flotation on gun acacia or senri allunin ,

exploitation of the differences in specific gravi~~ between erythrocytes

and leukocytes, and selective erythrocyte sediiTentation using fibrinogen,

dextran , and phytohanagglutinin (16) . Tn the early 1950’s , Tuilis concentrated

leukocytes fran whole blood with dextran (14) . Unlike nest leukocyte preparations

they were white and relatively free of red cells , aid maintained at 4°C by jel-

ling than in 17~ gelatin to prevent than fran settling and clurping together.

Warming the susoens ion to 37°C dissoved the gelatin and resuspended the

1.eukocytes . H~~ ver, they were extraiely unstable and clutped forecasting

the difficulties to be experienced later in isolating and freezing grariulocytes

witFcut appreciation of their interactions with other cell types , such as

platelets , present in white cell concentrates (15,4).

Cryogenic preservation of leukocytes was pursued intensively in the

1960 ’s. A hard effort by many investigators produced limited success with

relatively small nuthers of mixed leukocytes (1,2,3,11,13) . The major

lfrd.taUons were tecFiiological. ()~iiy recently has the presence of lvrvhocytes

been appreciated and the possibility of an interaction of platelets with

graiulocytes at law taiperatures (4°C) reco~ ’d.zed (4) . Animal stucLes with

LA~
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cryogenically preserved granulocvtes failed to de’rnstra te circulation

in the blood (12) . Fran the earlier preservation studies , the legacy to

us In the 1970 ’s was generally ixisatisfactorv methods for the isolation

of granulocytes contaminated with large numbers of red cells and nlatelets .

Cautious handling was necessary in non-wettable glass or niastic . Unavoidable

and inexplicable clizrping frequently hapnened. One principle was established ;

freezing required slow rates. Our first method for freezing white cells

made use of these ideas (8) . It arployed HES as both a sedir~nting arid

cryoprotectant (in ca~~ination with IlISO) as had previously been tried by

Roy aid Djerassi (12) . Our contributions were the introduction of size

distributions to measure cell stability and the electronic measura~ nt of

growth inhibition of E. coli by frozen-thawed granulocvtes (8) .

METI-ODS

A major advance in granulocyte preservation was made with the invention

of counterfiow centrifugation in the Bec1~~ari E-6 rotor . It made possible the

isolation of lxrtgeneous granulocytes frm whole blood or buffv coat in a

nontratiratic procedure . Studies in several laboratories show granulocvtes

obtained this way have Properties similar to cells obtained by sedimentation

(7) . We have erploved councerfiow centrifugat ion to isolate hcxir geneous

granulocytes and have used then extensively In evaluating crvogenic methods .

• Testing was based on size distributions for the calculation of recoveries ,

t~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ I~U J~~~~4~r 3  —
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microflu~rescence to assess menbrane stability , and particle ingestion to

measure function . The yields and properties of grariulocytes obtained fran

whole blood , buffy coats , or leukapheresis have been t,ublished (9) . Fran

small volumes of whole blood (10-20 ml) virtually 100 percent recovery of

granulocytes was obtained , (40 x 106 - 80 x io6 PMN’ s) when the average

granulocyte count is 4 , 000/n fl3) . These nreparat ions consisted primarily

of polyrcrphonuclear leukocytes with only 1-27, nonor-tuclear cells and

3-5°?. red cell contamination .

Cryopreservation of granulocytes.

Three ml of cell suspension containing 1.4 x ~~ cells per ml were

maintained in ice water at 4°C for 15 to 20 minutes , arid then 3 ml of the

cryopreservation solution chilled to 4°C was added dropwise (1 drop per

2 seconds) . The final calvosition of the mixture was 57, ~~SO , 67, HES , 47~
hunan serum alburdn and 56 nM glucose in Noxn~ sol-R , pH 7.1. After ccx’iplete

mixing by swirling for 180 seconds , the contents were divided into three t~~

ml aliquots . These were ~1aced in 17 x 100 trni polyprotwiene tubes, and placed

in a 4°C ice bath . The granulocytes were maintained at 4°C for S to 10

minutes and then t~~ of the tubes were placed in a metal rack in the bot tan

of a Harris mechanical freezer at -80°C where they were kept overnight,

after which they were placed in liquid nitrogen at -197°C. The

third tube was used for assays of cell counts , volume distributions, and

rrd .crofluorescence of prefroz en cells .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _
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The rate of cooling achieved by storage of the po1yprop~lene tube in

a -80°C mechanical refrigerator was 4°C ner minute. It was measured by

placing a copper-constantan therrocounle wire in the center of the tube that

was put in the -80°c mechanical refrigerator and the terperature r’cnitored

with a Honeywell Electronik III te~verature recorder . In sane studies con-

trolled cooling of 1°C and 10°C per minute were carried out using a CV

Planer progranr~d freezer R-20l that utilized liquid nitrogen to control

the rates of cooling . The rates achieved by prograrrimed freezing were also

rrxxiitored with a therr~couple inserted in the center of the tube . After

freezing, the tubes were ~topoered and placed in liquid nitrogen at

-197°C in a Linde LR-40 liauid nitrogen refrigerator. The storage neriod

in liquid nitrogen for all tubes was 1 to 3 weeks .

Thawing and washing.

The tubes containing the frozen granulocvte suspensions were rei~ved

fran liquid ni gen and placed imediately in a water bath at 42°C, with

the water aix e level of frozen cells . The tubes were shaken manually

while sul merged with a circular nation for 120 seconds or until all but

an ice pellet of 3 nm diameter renam ed . The tube was re~mwed and swirling

continued until the pellet was just dissolved . The tubes were cool to the

touch and the terperature was 80 to 10°C. They were then placed in an ice

water bath .

The thawed cells were diluted 1:4 by the dropwise addition (one drop

ner 2 seconds for 3 minutes) of three volumes of a solution at roan telrerature

I
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ccrposed of 7°’, HES, 4~ human serum albumin (HSA) and 56 nM glucose in

Nort~oso1-R pH 7.1. The diluted cell susnension t.’as then tested for

stability and function as described below.

Ek g granulocvtes were isolated with the s~~~ techniques and media as

were hu~ n cells . One hundred ml of dog whole blood ant icoagulated with
AC) was centrifuged in tubes and buffy coat white cells pooled and subjected

to counterfiow centrifugation at 315 mOaM ner kg H20. Granuloc tes were

aliquoted, frozen and studied in the same way as human cells . One hundred I ~and five ml of red cell rich white cells were collected by centrifugal

leukapheresis using Volex in four passes through a nediatric (100 ml bowl)

in the ~bdel 30 Hae~ netics Blood Cell Processor by I~ ctors !~elaraguo and

Valeri of the Naval Blood Research Laboratory. The white cell concentrate

was divided into three aliquots and each subjected to counterflow centri-

fugation . Of 1.7 x l0~ granulocytes available in the concentrate , 1.4 x l0~
(837,) were recovered. These were nooled, diluted fran 13 to 20 ml with PBS

allurtin buf fer , placed m a  u-car bag , l000-2 , lro ml capacity , and mixed with

20 ml of cryoprotective mixture in 5 incre~~ws of 4 ml added over 5 minute

intervals. Excess air was re’-oved with a syringe . The bag was i laced between

thin stainless steel perforated plates , clamped to form a thin section arid

placed flat in a styrofoam container in the button of a Harris mechanical

freezer at -80°C. The next day the unit still between metal plates was

suspended in liquid nitrogen for 8 nm nths . Thawing was done rapidly in a

37°C bath requiring 30 seconds to rise fran liquid nitrogen te’verature to

I
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2-4°C. The thawed unit was diluted with 3 vo1u~~s (120 ml) of wash solution

-; by use of an infusion set for a dron-f low rate of about 1 drop per second with a

5 minute pause after each 40 ml. The bag was centrifuged at 350 x g for 10

minutes, and the st~ ernatant aspirated. The pellet was resuspended with

gentle mixing to 20 ml with the PBS albumin , dext rose elutria tion medium .

In separate experiinants dog granulocvtes were isolated by counterflow

centrifugation as described above but were aliq~x)ted into plastic tubes &nd

frozen , stored , thawed and sttzlied identically as human cells .

The tedriiques for evaluating granulocytes have been publishe d (10) .

Volume distributions of granulocytes obtained by counterfi ow centrifugation

(Figure 1) showed one well defined peak corresnonding to granuloc tes and a

sme.ll peak corresnonding to red cells. No rononuclear cells ~~re evident.

In contrast mixed leukocytes obtained by sedii~ ntation of buffy coat with
- 

- 
HES gave three distinct po~ulacions corresnonding to red cells , lyrphocytes

and grariulocytes . The nuther of granulocytes within each pa ulation under

investigation was readily obtained and loss of cells was determined as a decrease

in the number within the distribution. Swelling caused skewing and change to-

wards higher channel nuthers while fra ~~~ntation caused a neak to form in the

lowest channel numbers as the area under the main peak (proportional to the

ntzrber of cells) dintinished .

~Iicrofluorescence with fl~~rescein diacetate (FDA) and ethidiun brmide

(EB) was used to assess the stability of cytonlasrtic and nuclear rr~~branes at

roan terp erat ur e and at 4°C while the function of granulocvtes was determined

1

A - ~~~~~~~~~~ 
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frcin particle ingestion measurei~nts microfluoriir~trically at roan tar~erature.

Fluorescent latex was enployed in a ratio of 150 partic ies to 1 granulocyte

in a ser~~ (cai~ leiwt C-3) dependent reaction . Zyn~ san particles treated

with ethidium branide was also used for ingestion studies in a ratio of

200 particles per granuloc te.

~AThR1ALS

Phosphate buffered saline was made in 20 liter aroun ts by diluting

isotonic phosphate buffer 1:10 with 0.14 M NaCl, mald.ng it 0.056 M with

glucose , and 1.2 ~n per dl with bovine albunin (Si~na) or human albtznth

(Hy land dialyzed) . It was passed through a Falcon filter , 150 ml(#7103).

The osn~ 1ality was 315 n~)sI~b1es per kg H20.

Hydroxyethyl starch , Cry0HES lot #P02303C , was obtained as a dry powder

fran the Mc.(aw Chenical Co., Irvine , California .

PIGPA, phosphate , inosine , glucose , pyruvate , adenine was obtained fran

Doctor Valeri.

Para-pheny1n~ thy1sulfonyl fluoride and betamercaptoethanol was the

gift of Doctor David Bing of the Center for Blood Research.

DillEthylsulfoxide, certified spec cranalyzed grade was obtained fran the

Fisher Scientific Cc~iipany.

Serum was obtained by clotting whole blood and used autologously for

particle ingestion studies.

Physiogel (ncdified gelatine , 40 g/l in Ringer lactate solution) was

obtait.ed fran the Central Laboratory of the Swiss Red Cross .

- •‘.- ~~ - -~~ ~~ -q.,--i—~~~~~~~~
- w — ~~
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RESULTS AND DISCJSSION

Fresh granulocvtes: Effects of terperaa~-e, pH, rr lalitv, divalent

actions, and albumin.

Granulocvtes obtained by counterfl~~ centrifugation were investigated

and determined to be similar to sedirr~ iced cells ITorphologically, bioch~nicallv ,

and functionally (9) . Vo1~~~ distributions showed these consist of one non-

ulation of ~ 2~’s with no lyrphocytes and &nall red cell contaidnation (Fig. 1).

A study by Hunt and Contreras (Table) showed that granulocytes maintained at

4°C were rrore stable than at 22°C (4) . A pH range o~ 6.9  - 7.3 was ontiiain,

while extrenes of pH (6.0) were detriu~~ital (Figure 2) .  Granulocytes were

considerably less stable in buffers containing divalent cations (Table) .

Maxixru n stability of cells stored at 4°C was obtained with nhosphate buffered

saline (290 rn0~1oles per kg 1120 at p11 7. 1 - 7.2) containing 1 g per dl

Physiogel or 5 g per dl of human albumin and 26 rrt-I glucose (4) . Phosphate

buffered saline plus albumin and crvopro tectan t ca~ponent s was used for sub-

sequent cryogenic studies .

Albumin effect:

The effect of human albumin an granulocytes present during the isolation

by cor.ncerflow centrifugation in the rotor , ti-ten stored at Li~°C , ~s shoun in

Figure 3. Without albumin almost half of the granulocytes fra~ iented in

3 days . The opt irizn concentration was 2.0 g ner dl while higher amouits

(4-6 g per dl) were less effective. At 10 g per dl the density was too high

- -
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to efficiently separate grariulocytes with our standard procedure in the

rotor and a great many granulocytes were lost. To ecorianize on the use

of human albumin 1.2 gir per dl was used routinely.

Cryogenic preservation. Canponents of the system:

Previous cryogenic experience with sediz~iented nti..xed leukocytes was

based on a cryoprotectant fornulation containing 4’/~ lIES , and 5% 1}ISO in

Norno sol-R (Abbott Labs.), pH 7.4, an isotonic balanced salt solution (8).

The cooling rate was 2°C per minute until frozen and storage was done at

-80°c in a Harris n~chanical freezer . This overall mathod was adovted for

elutriated granulocytes and gradually ti~dified, adopting the principle of

pref reeze and post-thaw volur~ control to minim ize shrinking and swelling.

1}ISO induced swelling. Prevention by HES:

Concentrations of I}ISO recruired to effectively freeze-preserve granu-

locytes were destructive unless the ter~erature was quickly reduced to 4°C

or below. Thawed hun~ri cells in 5 percent 11150 at roan terperature or higher

exhibited unstable nuclei and fra ~~~nted rapidl y. Figure 4 shows concentration

dependent swelling of granulocytes by 1}ISO manifested by a sequential increase

in volume during incubation at 4°C and an increase in ethidi iin reactive cells .

The initial volui~ , as characterized by the midrange channel niunber was re-

duced transiently on the addition of 5 , 7.5 or 10% 11150. This can be explained

as osnotic shrinkage by hypertonic 1]’!SO. Fbwever, within an hour significant

s~~11ing took place . This reached a ma~drixn after 24 hours in 7.5% and l07~
11150 accaTpanied by a large increase in ethidiun nositive granulocytes. t*~ereas

- - - - - - . -

~
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good cryoprotection was observed with 107, 11150, granulocytes were tn-

stable on incubation at 4°C for one hour after thawing. Qr~bination of

1)150 with HES (4%) produced thawed granulocytes with greater stabilit y

on incubation at 4°C. HES alone was ineffective at these cooling rates .

The canbination of 5% 11450 and 4% HES reduced prefreeze swelling and

ethiddiun reactive nuclei (Figure 5) and initially caused osmotic shrinkage.

Subsequently, the fiN ’s swelled arid reached equilibrium at a volume ex-

ceeding the untreated control . when the HES was increased to 6% the

osmotic equilibrium did not exceed the initial vohru or that o~ the
— control and resulted in the lowest ethidiun reactive nuclei. All srtb-

sequent atteips to improve post-thawed stability were made with the

5% IIISO + HES carbination. One consequence of this canbination of

cryoproteccants was that granulocytes were less stable after storage

at -80°c for 4 months than granulocytes frozen in 10% 17450 (not shown) .

Accordingly after freezing to -80°C , granulocvtes were stored in licuid

nitrogen.

Glycerol has been reported to be an effective cryonrotectant for

platelets (6) and granulocytes (17). We have not been able to subst itute

it for the canbiriation of IIISO + lIES in a slow freeze n~thod. The reason

we beli eve, is that hours are required to equilibrate glycerol with granu-

locytes , and rei~oval of glycerol can not be acccvplished without causing

extensive swelling and cell loss. In our hands , granu locvtes exi osed to

glycerol always becw~ unstable , the ethidiun uptake was high and they

ceased to be phagocytic .

- 
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Pla sma and serun effects on granulocyte freez ing: Serum or plasma is

essential for growth of cultured cells and helpful in preserving blood cells

in the liquid state . However , as reported by Dankberg et al. (5) cryogenic

preservation of granulocytes can not be effected with serum in the medium.

t~spite the stabilizing effect of albumin ai granulocytes collected by

counterfiaw centrifugation (describe d above) , and its utility in granu locyte

storage and cryogenics , whole serum or plasma we found to be deleterious

(Figure 6). A medium of buffers , salts, nutrients and albumin was a better

freeze-thaw and resuspension medium. Granulocytes frozen with serum or plasma

becar ~ leaky, accurulated ethidiun and lysed . The mechanism of this potentia-

tion of freezing injury is unknown . The effect of serum on granulocyte freezing

is shown in Figure 6. Increasing serum of the freezing medium fran 10 to

50% produced a destructive effect on the cells . Yield , stability and function

of thawed cell decreased . Neither heating at 56°C for 120 minutes to inactivate

catple ~ nt , nor freez ing to rerove Factor VIII produced a si~~ificant change.

Dialysis reduc ed the destructive effect (Figure 7) ,  which was probabl y due to the re-
nuval

of diva leit cations (Table 1). The addition of EIYtA or ECTA to the freezing

medium (Figure 8) also showed a small improvement consistent with the rei~val

of Ca~~. With our standard freezing procedure , adding serum to the wash medium

for the reix,val of EMSO was also destructive indicating the problem with serum

is not relegated solely to the phas e change introduced by freezing. ~bne of

the results with modified serum were 1iprovei~nts over the standard method

without serum.,
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Inhibitors and nutrients: The efficiency status of our cryogenic

method for cryogenic preservation of human granulocytes is greater than

90 percent morphological recovery and 40 nercent functional recovery.

Until thawed cells were washed and incubated with particles , the cells

were stable as shown by volume and dye exclusion studies. Damage due to

washing may well reflect damage to membranes inflicted during freezing and

thawing . An instensive effort to minim ize this damage with o~~~tic control

of volutE before and after freezing has helped us get to our present level

of efficiency. A variety of media stabili zers , enzyme and free radical

inhibitors and substrates have been introduced into media for granulocytes

in an at teTp t to improve post-thawed stabilit y. One goal was to inhibit

phagocytosis as a potentiall y cell destructive event by preventing lysosme

and granular discharge of phagocytic enzymes and bacteriocidal radicals .

Another approach was to support the metabolism of granulocvtes optinally

by the addition of substrates . We have tried a group of these as additives

to freez ing solutions . Buffers containing divalent cations , such as Hanks ’

Wallace , or serum were unsuitable for freezing granulocytes . The best medium

in our hands was Nornusol-R a balanced salt buffer containing gluconate .

Gluconate is a reducing substance and an oxidation produc t of glucose with

potential metabolic significar~ce. The small improvement in stability of thawed

granulocytes with Nortrosol-R cannot be attributed to gluconate since we could

deicnstrate no effect of it alone . Vitamin C did not effect freeze-thaw stabilit y ,

while 8-mercapthoethanol was destruc tive and ootentiatcd freezing injury

U
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(Figure 9) . PIGPA , solution used by Valeri and associates containing

phosphate inosine glucose pyruvate , and ada iine to support the metabolism

of red cells and elevate 2 , 3-DPG was without effect . Likewise, the nrotease

inhibitor , para-p henylmethylsulfonyl fluoride was destructive to granulocytes

when frozen and thawed .

Cells frozen with 8-merca ptoetha nol in the medium differed significantly

in severa l respects fran those frozen without it (Figure 9) . The thawed

cells consisted of a hci~ogeneous small population . All were ethidium re-

active , indicative of leaky nuclear n~~nbr anes . Further treatrient , such as

li.lution to reduce EMSO or incubation did not change the nopula tion . In

contrast, without 8-mercaptoe thanol , thawed cells were rruth larger and re-

latively unreactive with ethidiun. Dilution to reduce 1]4S0 caused t~~
populations to form, one which was osmotically active as evident fran

swelling. Ethidiun reactivi ty increased to 287, in rough proportion to the

nizber of small cells . On incubation for t~~ hours , the populations shifted

so that nearl y 757, were small (#50) , and 797 were ethidium positive . The

data suggests that membrane damage due to freezing or 8-mercaptoethanol renders

granulocytes increasingly solute and water permeable , resulting in a oopulation

of small prelytic granulocytes which are non-viable .

Cryo preserved granulocytes of lower animals are far superior in quality

to hunan granulocytes. Preserva tion efficiency is species dependen t , in -

creasing in the order , human , baboon , guinea pig, and dog . Dog granulocvtes

cat be stored in liquid nitrogen for a least 8 iiiinths with small loss of

cells and functionali ty. The results to t~~ experinents with elut riated dog
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granulocytes frozen in tubes and stored in liq4d nitrogen for 2, 3, and 9

days is sho~*t in Figure 10. Grartulocytes were also obtained by counterfiow

cencrifugatiort after leuka heresis , frozen in U-Car platelet bags , and stored

in liquid nitrogen for 8 months. Of those frozen in tubes , 9Th were recovered

after thawing and showed good stabil ity and phagocytic indices , latex in’-

gestion was : hig~i ~~~ medium 527 , low 267,, and zero 67.. Yeast ingestion

was: high 157., low 547., and zero 317.. Fluorescein positive cells were 807.

and ethidiun positive cells were 207.. The data for the granulocytes obtained - -

by leukapheresis and counterfiow centrifugation and frozen in bags d~~~nstrated

nearly equal stability after eight months in liquid nitrogen. With the ex-

ception of hunan nutocytes~ this is the best data we have obtained with human

blood phagocytes.

The biggest problem yet to solve is the insta~oi1ity of granulocytes after

thawin g. ~4~en maintained at 4°C, they were stable for hours. However, cen-

trifugation, elevation of temperature to 200 or 37°C , or washing caused ex-

treme damage and clutpthg. The means to reduce this trauma is the basis for

current investigation.

I

L 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

_ _
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buffy coat
Figure 1. Voiime distributions of

A 
sedirmanted with HES (8) (upper) and

elutriated counterfiow centrifuged granulocytes: The numbers

over each peak are midrange (medians) corresponding to red cells

~#10), 1~~~hocytes (#33) , and granulocytes (#58, #56) .

Figure 2. pH effect on granulocyte voluma . Granulocvtes were incubated

at 4°C for 90 hours at pH 6.0 (u~ver curve) and ~H 7 .2 (lower

curve) . The nuiters under the curves are the numbers of granulo-
cytes x l0~ in 0.1 ml of the suspensions . The numbers over the

curves are median channel numbers .

Figure 3. Albumin effect on granulocytes during counterfiow centrifugation .

Granulocvtes were isolated in PBS containing 0, 1.2, 2, 4, 6,

and l07~, human albumin (Hyland , dialyzed) . The hatched bars give

percent of cells recovered (REC) arid the solid bars give the per-

cent ethidiun positive cells (EB) . The numbers over the bars are

median channel numbers of the voluma distributions.

Figure 4. I]1S0 induced swelling of granulocytes at 4°C. The median channel

numbers (to”) and percent ethidiurn positive granuloc tes (bottom)

are plotted for 57,~ (diagonal bars), 7.5’~ (black bars) and l0~
(cross hatched bars) tt~ 0 at 4°C for 24 hours. The open bars marked

• C represent contr ols without 1}TSO.

Figure 5. Correction of I}!S0 induced swelling by HE S. Granuloc te voluma

represented as median charn el numbers is shown in the uooer curves.

Th~ percentage of ethidi un positive granulocvtes is given in the

bars at the bott om.

____—

~~~

- - ~~~~~~~~~ J
. - 

-
~~~

-
~~~~ — —- ~— -— -—‘-- ——-‘~~~

‘---—--- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



_ _ _  

... - -
~~~-—-~~-—~~~~~~~~~~~~~ 

—--
~~~~~~~~~~~~~

- — -...-- -
~~~~~

-- ---- ,-- ---—

Figure 6. Serum effect on granulocyte cryopreservat ion . The diagonal

stripes give the percentage of granulocytes recovered for each

treat1r~~it ar id the solid bars give percentage of ethidium positive

cells. PF is prefrozen , FF1 is prefrozen and incubated at 37°C

for 30 minutes, PT is post-thawed, P11) is post-thawed and diluted ,

and I’Il ’JI is post-thawed and incubated at roan tøperat ur e for one

hour and washed once by centrifugation . The numbers over the bars

are median channel numbers . VI~1 is thawed and washed. Sil) is the

average and standard deviation of seventeen standar d freezings .

Figure 7. Effect of dialyzed serum on granulocytes cryopreservation . The

chart is organized similarly to Figure 6.

Figure 8. Effects of EDTA and ECTA on granulocyte cryopreservaticxt. The

chart is organized similarly to Figure 6.

Figure 9. 8-Mercaptoethanol effect on cryooreserved granulocytes. The

curves on the left represent granulocytes frozen with the standard

method , those on the right similarly with 0.7 nt4 8-imarcaptoethanol.

P’ID means thawed and diluted slowly to l7~ UISO. PTDI renresents

an incubation at roam temperature after thawing and dilut ing the

granulocytes . The numbers within the curves represent the cells

remaining after each trea~~~ it while those above are medians . The

numbers under G mean the percentage s of fluorescein producing cells

after each trea~~ nt and the numbers under R mean the percentages

of ethidiun positive cells .

~

- - -~~~~~_ _ _
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Figure 10. Cryopreserved dog cells . Dog granulocytes obtained by

elutriatiori were frozen in tubes and thawed after 3.5 , 5 , and 9

days in liquid nitrogen. The bottom bars depict an experin~nt

with dog granulocytes obtained by leukapheres is and counter-

flow centrifu~gation , frozen in U-Car platelet bags, and stored

in liquid nitrogen for 8 in~nths . The bars mean the sar~ as in

the other figures . Phagocytosis is a ca~ osite bar shown for

latex CL) and yeast (‘1) in the upper left for the control , and

in the extr~~~ right bars for each time period. The bottom
(horizontal bars) is high capacity, ~ l5 latex particles per cell ,

or ~5 yeasts per cell. The middle (dotted) region represen ts

5-15 particles per cell or 1-5 yeasts per cell while the top

(latex only) (slant) bar represents 1-5 latex particles per cell. 
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TABU~
Temperature and divalent cation effects on stored granulocvtes

Treatn~~it t~ys stored Number of celi.s in volure ~Iedian channel
distribution (x 103)

4°C 0 14 .0 60
PBS + Aiburdn 1 13.6 62

2 13.1 67

22°C 0 14.0 60
1 8.9 74
2 1.0 80

f 1IBSS 0 6.5 64 1 ~(—Ca-Mg) 1 5.4
2 5.5  68

4°C 3 4.7 65

HBSS 0 6 .3  67
~4Ca#~g) 1 2.9 72

2 2. 3 67
3 2. 0 60

Granulocytes stored at 4°C and 22°C in PBS + albumin and dextrose as described
in Methods .
HESS is Hariks’ balanced salt buffer with or without Ca and Mg . They ~-Tere
incubated as described (4) . The number of cells in the the volume distribution
are contained in 0.1 ml sa~p led by the Channelyzer of the 40 ml sterile incubation
containing 2 . 5 x l 0 5 - 7 . O x l o 5 cells .
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buffers and post isolation handling in ice water baths was optimal for cryo—
geni~ preservation. Addition of DMSO at 22° produced transient shrinkage
ini tially which depended on the ra te of addi tion , concen tra tion and tempera-
ture. Within 10—15 minutes , granulocytes returned to volume, but continued to
swell equilibrating for one hour at 20% larger volume . Ethidium uptake gradu-
ally increased . Af ter 24 hours , extreme swelling, lysis and ethidiuni uptake
was observed at the highest concentration (10%) of DMSO . DMSO induced swell—
ing was prevented with HES.

Granulocytes (30 x 106 — 50 x 106) were frozen in 2.0 ml volumes in
plastic tubes . The combination of 5% DMSO, 6% lIES, 4% albumin , .026M glucose - -

in Normosol—R at pH 7.1 produced the best yields. Granulocytes were first
cooled to 4°C, then to —80°C (approx . rate 4°C per minute) in a mechanical
freezer and finally stored in liquid nitrogen. Storage varied from days to
months . Granulocytes were thawed at 42°C by manual twirling the freezing
tubes and they were subsequently maintained in ice—water . They were diluted
3:1 dropwise with a room temperature solution of 7% HES , 1.2% albumin and
.026 M glucose in Normosol. Particle ingestion tests were conducted by incu-
bation at room temperature for forty minutes with yeast or zymosan opsonized
with autologous serum . Particles ingested were counted by microfluorimetry
af ter two washings at 150 x g.

Granulocytes could not be cryogenically preserved in plasma or serum .
Heating or prefreezing of serum was ineffective , but dialysis or addition of
EDTA overcame the destructiv e effect of serum. Neither treatment was an im—
provement over the standard freeze procedure using buffered albumin and cryo—
protective components. ~—mercaptoethanol added to the freezing medium caused
the production of a single homogeneous population of osmotically inert , non-
viable, ethidium reactive granulocytes . This suggests that osmoregulation by
granulocy te membranes is a critical requirement for cryopreservation.

Preservation efficiency is species dependen t , increasing in the order of
human, baboon , guinea pig, and dog . Dog granulocytes can be stored for at
least 8 months in liquid nitrogen with small loss of cells and functionality .

The present efficiency of preservation of human granulocytes for 3—4
weeks of liquid nitrogen storage is 90—100% morphological and 40% functional
recovery. Attempts to increase stability of thawed granulocytes with other
additions to our current procedure have to far proved fruitless. These have
consisted of inosine, adenine, pyruvate , gluconate, vitamin C, ~—mercap—
toethanol , p—phenyl—methyl—sulfonylfluoride , and mannitol.
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